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Evidence Providing New Insights into TOB-Promoted Deadenylation
and Supporting a Link between TOB’s Deadenylation-Enhancing and

Antiproliferative Activities
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The mammalian TOB1 and TOB2 proteins have emerged as key players in repressing cell proliferation. Accumulating evidence
indicates that TOBs regulate mRNA deadenylation. A recruitment model was proposed in which TOBs promote deadenylation
by recruiting CAF1-CCR4 deadenylase complex to the 3’ end of mRNAs by simultaneously binding CAF1 and PABP. However,
the exact molecular mechanism underlying TOB-promoted deadenylation remains unclear. It is also unclear whether TOBs’ an-
tiproliferative and deadenylation-promoting activities are connected. Here, we combine biochemical analyses with a functional
assay directly monitoring deadenylation and mRNA decay to characterize the effects of tethering TOBs or their mutant deriva-
tives to mRNAs. The results provide direct evidence supporting the recruitment model and reveal a link between TOBs’ antipro-
liferative and deadenylation-promoting activities. We also find that TOBs’ actions in deadenylation are independent of the phos-
phorylation state of three serines known to regulate antiproliferative actions, suggesting that TOBs arrest cell growth through at
least two different mechanisms. TOB1 and TOB2 were interchangeable in the properties tested here, indicating considerable
functional redundancy between the two proteins. We propose that their multiple modes of modulating mRNA turnover and ar-
resting cell growth permit the TOB proteins to coordinate their diverse roles in controlling cell growth and differentiation.

he two human TOB proteins, encoded by paralogous genes

(TOBI and TOB2) (20, 25), belong to a group of antiprolif-
erative factors, the BTG/TOB family (26, 39). In addition to roles
in cell proliferation, BTG/TOB proteins have also been implicated
in embryonic development, cellular differentiation, cancer sup-
pression, and apoptosis (21, 26, 27, 39). Levels of BTG/TOB pro-
teins fluctuate during the cell cycle and can be induced by diverse
stimuli, such as growth factors, tumor promoters, and genotoxic
stress. Given the varied roles attributed to BTG/TOB proteins, the
varied pathways controlling their expression, and the identifica-
tion of varied associated proteins, the biological functions of BTG/
TOB proteins are rather complicated.

In addition to the roles of BTG/TOB proteins in regulating
mRNA production (reviewed in references 21, 26, 27, and 39), the
detection of direct interaction between BTG/TOB proteins and
the CAF1 deadenylase (13, 20, 28, 31) suggests a role of BTG/TOB
proteins in deadenylation, a critical posttranscriptional step that
regulates cytoplasmic mRNA levels (8, 16). CAF1 associates with
CCRA4 to form a deadenylase complex that plays a predominant
role in shortening the mRNA poly(A) tail in eukaryotes (2, 9, 11,
35, 36, 38, 41). TOB proteins interact with CAF1 via their
N-terminal domains (18, 27). Unlike other BTG/TOB family
members, TOB proteins contain an extra-long C-terminal do-
main with two poly(A)-binding protein (PABP)-interacting motif
2 (PAM2) motifs (13, 22, 29; see also Fig. S1 in the supplemental
material). Recently, we showed that TOB proteins can interact
with CAF1 and PABP simultaneously (13). Overexpression of
TOB promotes general deadenylation (13). We further demon-
strated that the deadenylation-enhancing effect of TOB proteins is
dependent upon their ability to bind PABP (13). Based on these
results, we proposed that the interaction of TOB with CAF1 and
PABP promotes deadenylation by recruiting the CAF1-CCR4
deadenylase complex to the 3" end of mRNAs with a poly(A) tail
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(13). Nevertheless, the exact mechanism by which TOB promotes
deadenylation remains unclear.

In mammals, TOB proteins are substrates for posttranslational
modification, including phosphorylation by mitogen-activated
protein kinases (MAPKs) (24, 34) and ubiquitination, which tar-
gets them for degradation (32). Upon serum or growth factor
stimulation, TOBI is rapidly phosphorylated by extracellular
signal-regulated kinase 1 (ERK1) and ERK2 MAP kinases at serine
residues 152, 154, and 164 (34; see also Fig. S1 in the supplemental
material). When these serine residues were phosphorylated or
mutated to glutamate, TOB’s inhibitory effect on cell growth was
blunted (24, 34). Our finding that TOB proteins promote mRNA
deadenylation (13) raises important questions as to whether the
antiproliferative action of TOB is linked to its ability to promote
deadenylation and whether the deadenylation-enhancing ability
of TOB is regulated through phosphorylation when cells reenter
the cell cycle. Moreover, although ectopically overexpressed TOB
accelerates deadenylation (13), it remains unknown whether TOB
proteins promote the degradation of the mRNA body and reduce
the cognate protein levels. Furthermore, as most studies thus far
have focused on TOBI, it is unclear whether TOB2 differs mech-
anistically from TOB1.

In this study, we addressed these critical issues regarding hu-
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man TOB1 and TOB2 using transcriptional pulse-chase and
RNA-tethering approaches (7). The results from these functional
assays provide crucial new insights into the mechanism by which
TOB proteins downregulate gene expression. They also reveal a
link between the TOB proteins’ antiproliferative and mRNA
deadenylation/decay-promoting actions.

MATERIALS AND METHODS

Plasmid constructs. The plasmids for TOBI(FF) (F139A/F274A) and
TOB2(FF) (F140A/F260A) mutants were created as described previously
(13). To construct pcDNA6-MS2-TOB1 and pcDNA6-MS2-TOB2, a
360-bp fragment spanning the MS2 open reading frame (ORF) was am-
plified by PCR using pMBP-MS2 (23) (provided by J. Vilardell) as a tem-
plate. The MS2 fragment was subcloned in-frame immediately upstream
of the TOB1 or TOB2 ORF in the pTOB1-V5 or pTOB2-V5 plasmid (5) to
create the final constructs. The various point mutations of TOBI (mu-
tants 3SA, S152A/S154A/S164A; 3SE, S152E/S154E/S164E; TM, E62A/
K63A/D65A; and 3LG, L32G/L35G/L36G) or TOB2 (mutants 3SA,
S153A/S155A/S163A; 3SE, S153E/S155E/S163E; TM, E62A/M63A/D65A;
and 3LG, L32G/L35G/L36G) were introduced into the pcDNA6-MS2-
TOB1 or pcDNA6-MS2-TOB2 plasmid using the QuikChange site-
directed mutagenesis kit (Stratagene). The pTet-BBB+12bs plasmid con-
taining 12 MS2-binding sites (bs) between the BglIIT and the Sphl sites in
the B-globin (BBB) 3’ untranslated region (UTR) was provided by J.
Lykke-Andersen (10). To generate pTet-flag-EGFP+12bs, pTet-
BBB+12bs was digested with BglIl and Sphl to cut out the fragment
containing 12 MS2-binding sites. This fragment was treated with T4 DNA
polymerase (New England BioLabs) to make it blunt ended, and it was
then inserted into the EcoRV site in the 3" UTR of the pTet-flag-GFP
plasmid to create the final construct.

Cell culture and transfection. NIH 3T3 cells or U20S cells were trans-
fected using Lipofectamine 2000 (Invitrogen) or FuGENE 6 (Roche), re-
spectively, as described in the manufacturer’s protocol. Briefly, NIH 3T3
B2A2 cells (40) maintained in the presence of 100 ng/ml tetracycline were
split to a density of 3 X 10° per 10-cm dish 24 h before transfection. Each
10-cm dish of cells was transfected with 20 ug of total plasmid DNA,
including carrier plasmid, reporter plasmid (1.3 ug pTet-BBB-12bs), in-
ternal control plasmid (1.3 pug pTet-BBB), and one of the TOB expression
plasmids (13 ug of either wild-type or mutant derivatives of pcDNAG6-
MS2-TOBI1-V5 or pcDNA6-MS2-TOB1-V5). In small interfering RNA
(siRNA) knockdown experiments, 12 ug of nonspecific siRNA or 6 ug of
CAFla siRNA and 6 pg of CAF1b siRNA (Dharmacon) were mixed with
6.5 g of either wild-type or mutant TOB expression plasmids, 1.3 ug of
reporter plasmid pTet-BBB-12bs, and 1.3 ug of control plasmid pTet-
BBB. The mixtures of DNA and siRNA were diluted into 1.5 ml of Opti-
MEM, added to the Lipofectamine 2000 mixture, and incubated at room
temperature for 25 min. The final mixtures were added to the cells and the
dishes incubated at 37°C (5% CO2) for 18 h before the cells were split
among 6-cm dishes (1.5 X 10° per 6-cm dish) and incubated at 37°C (8%
CO,) for an additional 24 h. Procedures for time course experiments
using the Tet-Off system for transcriptional pulsing were described pre-
viously (6). For cell growth assays, U20S cells transfected with TOB plas-
mids or their mutant derivatives were enriched in the presence of blasti-
cidin (15 pg/ml final concentration in culture medium) for 2 days. Equal
cell numbers were then seeded in 10-cm plates and incubated for 5 days
before the cells were harvested and counted.

Preparation and analysis of RNA samples. At various time points
after a transcription pulse driven by the Tet-Off promoter of the reporter
plasmid in transfected cells (6), nuclei were spun out and cytoplasmic
mRNA was isolated using the cytoplasmic lysis buffer RLN (50 mM Tris-
HCI, pH 8, 140 mM NaCl, 1.5 mM MgCl,, and 0.5% NP-40) followed by
RNeasy reagents (Sigma). For Northern blot analysis, RNA samples (8 to
10 pg for each time point) were separated using 1.4% formaldehyde aga-
rose gel electrophoresis, transferred to GeneScreen hybridization transfer
membrane (PerkinElmer), and probed with a **P-labeled gene-specific
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DNA probe using ULTRAhyb hybridization buffer (Ambion). Gene-
specific DNA probes were prepared with [a->*P]dCTP (>6,000 Ci/mmol;
PerkinElmer) and the Rediprime II random prime labeling system (GE
Healthcare). RNase H treatment of cytoplasmic mRNA after annealing to
oligo(dT) (Invitrogen) was used to generate RNA lacking the poly(A) tail
[poly(A)™ RNA] as described previously (33). All time course experi-
ments were performed at least two times to ensure the reproducibility of
the results. To measure mRNA decay rates, data from autoradiograms
were scanned and quantitated by using a Syngene bioimaging system.
mRNA half-lives were determined by least-square analysis of semiloga-
rithmic plots of normalized mRNA concentration as a function of time.
Half-lives were estimated from the slope of each decay curve. Real-time
quantitative reverse transcription (RT)-PCR analysis of RNA samples was
performed as described previously (43).

Western blot analysis and immunoprecipitation. Cytoplasmic ly-
sates (20 to 30 ug protein) were resolved on a 12% SDS—polyacrylamide
gel, transferred to polyvinylidene difluoride (PVDF) membranes, and
probed with the relevant primary antibody, as follows: rabbit anti-
CAF1-B peptide antibody (1/1,000) (41); rabbit anti-PABP-N antibody
(1/4,000; R. Lloyd, Baylor College of Medicine); mouse anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) monoclonal anti-
body (1/10,000; Research Diagnostics); mouse anti-a-tubulin monoclo-
nal antibody (1/10,000; Sigma); anti-eGFP (enhanced green fluorescent
protein) antibody (1/2,000; Abcam); or rabbit anti-Flag (1/500; Sigma).
Immunoreactive bands were visualized with horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG antibodies (1/4,000; Bethyl) or
goat anti-mouse antibodies (1/5,000; Bio-Rad) and peroxide-luminol
chemiluminescence reagent (Pierce). For coimmunoprecipitation (Co-
IP), a 10-cm dish of cells expressing wild-type TOB proteins or their
mutant derivatives was lysed at 48 h after transfection by incubating for 10
min at 4°C in 600 ul of lysis buffer (20 mM Tris-HCl, pH 7.4, containing
150 mM NaCl, 1% NP-40, 1 mM Na orthovanadate, 1 mM Na pyrophos-
phate, and 1 mM NaF supplemented with protease inhibitor cocktail
[Roche]). Fifty microliters of each cell lysate was preserved as input, and
the remainder was incubated with a monoclonal anti-V5-agarose conju-
gate (Sigma-Aldrich) in the presence of 0.1 pug/ml RNase A at 4°C for 4 h.
The agarose beads were then washed five times with lysis buffer, and the
immunoprecipitated proteins were separated by electrophoresis and
probed by Western blotting using the appropriate antibodies.

RESULTS

Tethering TOBs to mRNAs promotes deadenylation and decay
of the transcripts. To directly monitor the effects of TOB proteins
on mRNA deadenylation and decay and to identify the function-
ally relevant features of TOBs, we performed RNA-tethering as-
says (10), an approach more specific and sensitive than simply
overexpressing TOB proteins. TOB proteins fused with the bacte-
riophage MS2 coat protein (MS2-TOB) were coexpressed in
mouse NIH 3T3 cells with a stable B-globin mRNA reporter
(BBB+12bs mRNA) carrying 12 specific hairpins that bind MS2
with high affinity and specificity (Fig. 1A). The expression of the
reporter mRNAs was under the control of the Tet-Off-driven pro-
moter. The kinetics of reporter deadenylation and decay were
measured using Tet promoter-driven transcriptional pulse-chase
and Northern blot analysis (6). This combination allows us to
monitor nearly synchronous degradation of mRNA molecules
that are similar in age, thus unequivocally dissecting deadenyla-
tion and decay kinetics, as well as revealing precursor-product
relationships.

The results show that when coexpressed with MS2 alone, the
BBB+12bs reporter mRNA remained stable (with a half-life over
8 h) and underwent slow deadenylation, similar to control
B-globin (BBB) mRNA lacking MS2-binding sites (Fig. 1B and C,
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FIG 1 Tethering TOB proteins to mRNAs promotes deadenylation and decay of the transcripts. NIH 3T3 B2A2 cells were cotransfected with Tet promoter-
regulated plasmids encoding the BBB+12bs and the BBB mRNAs, along with plasmid coding for either MS2 or one of the MS2-TOB proteins as indicated. (A)
Diagram showing structures of BBB and BBB+ 12bs mRNAs. TOB proteins with C terminus fused to RNA-binding domain derived from bacteriophage MS2 coat
protein bind to the MS2-specific elements (bs [binding site]) inserted in the BBB+12bs mRNA. (B) Western blot analysis of ectopically expressed MS2,
MS2-TOBI1, and MS2-TOB2 proteins, with GAPDH as loading control. (C) Northern blot analyses showing that tethering MS2-TOBs (middle and right) but not
MS2 alone (left) to the otherwise stable BBB+12bs mRNA triggers highly processive deadenylation and rapid decay. BBB mRNA lacking the MS2-binding sites
served as control. Samples of mMRNA were taken at the indicated times after tetracycline addition to terminate a short pulse of mRNA synthesis. Poly(A)” RNA
(A—) was prepared in vitro by treating an RNA sample from an early time point with oligo(dT) and RNase H. mRNA half-life (t1/2) determination is described
in Materials and Methods. (D) Deadenylation profiles illustrating how poly(A) shortening kinetics change during BBB+12bs mRNA turnover upon tethering of

TOBs.

left). In contrast, when coexpressed with MS2-TOB1 or MS2-
TOB2 proteins (Fig. 1C, middle and right), the BBB+12bs re-
porter mRNA underwent rapid decay (with a half-life of about 14
min) in addition to the highly accelerated deadenylation (Fig. 1D);
at 2 h, the reporter mRNA was barely detectable. The enhancing
effects of ectopically expressed MS2-TOB proteins on the
BBB+12bs reporter (Fig. 1C, middle and right, top bands) are
more dramatic than the effects on a BBB reporter lacking the MS2-
binding sites (Fig. 1C, middle and right, bottom bands), indicat-
ing that the RNA-tethering strategy gives a larger effect than sim-
ply coexpressing TOB proteins and mRNAs. When tethered to the
target mRNA, both of the TOB proteins not only promote dead-
enylation but also accelerate subsequent decay of the mRNA body
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(Fig. 1C, middle and right, top bands). The results also suggest
that there are two distinct aspects to the effects of TOB proteins on
mRNA expression. While TOBs are able to promote nonspecific
size reduction of poly(A) tails in the general mRNA population
(13), they can also specifically accelerate both deadenylation and
decay (Fig. 1C and D) of particular transcripts through interac-
tions with sequence-specific RNA-binding proteins that “tether”
them to the transcripts (see Discussion).

The ability of TOBs to enhance deadenylation and decay of
their targets becomes independent of PABP binding when TOBs
are tethered to the mRNAs. Previously, we showed that abolish-
ing interaction between TOB and PABP by mutating the two
PAM2 motifs in TOB (see Fig. S1 in the supplemental material)
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FIG 2 The ability of TOBs to enhance deadenylation and decay of their targets is independent of PABP binding when TOBs are directly tethered to the mRNAs.
(A) Co-IP-Western blot analysis showing interactions of MS2-TOBI and MS2-TOB2 and their FF mutant derivatives with PABP and CAF1 deadenylase. Cells
were transfected with plasmids encoding V5-tagged MS2-TOBs, MS2-TOB(FF) mutants, or MS2 alone. RNase A-treated total lysates were incubated with
anti-V5 antibody conjugated to agarose beads, and the immunoprecipitates (I) were analyzed by SDS-PAGE and Western blotting. An aliquot (8%) of each lysate
(L) was analyzed for comparison. GAPDH served as the loading and nonspecific control. (B) Western blot analysis of MS2 and MS2-TOB(FF) mutant protein
levels in cells ectopically expressing BBB+12bs and BBB mRNAs. GAPDH served as loading control. (C) Northern blot analyses showing that tethering of
MS2-TOB(FF) mutants (middle and right) but not of MS2 alone (left) to the otherwise stable BBB+12bs mRNA triggers highly processive deadenylation and
rapid decay of the transcript. Cell transfection and poly(A) ™ mRNA (A—) preparation were as described in the Fig. 1 legend. mRNA samples were taken at the

indicated times after tetracycline addition.

diminished TOB’s ability to promote deadenylation (13). We hy-
pothesized that interaction between TOB and PABP brings the
TOB-CAF1 complex near the 3'-end poly(A) tail-PABP complex,
increasing the accessibility of CAF1 deadenylase to the 3’-end
poly(A) tail and promoting rapid deadenylation. If this model is
correct, tethering TOB proteins with the PAM2 mutations
[TOB(FF) mutants] to the BBB+12bs reporter mRNA should
elicit rapid deadenylation and decay of the reporter because
TOB(FF) proteins can still bind CAF1 (13). To test this hypothe-
sis, we fused MS2 coat protein to the TOBI(FF) and TOB2(FF)
mutants. Co-IP-Western blot analysis (Fig. 2A) confirmed that
both MS2-TOB(FF) mutants bound to CAF1 but not to PABP. In
time course experiments, ectopically expressed MS2-TOB(FF)
mutants promoted rapid deadenylation and decay of BBB+12bs
mRNA (Fig. 2B and C), as did the wild-type TOB proteins fused
with MS2 (Fig. 1A, middle and right). Collectively, our data dem-
onstrate that when TOB is tethered to a target mRNA, its ability to
enhance deadenylation and decay of the target becomes indepen-
dent of PABP binding. These results support the model that TOB
proteins promote rapid mRNA deadenylation and decay by re-
cruiting CAF]1 to the 3’ poly(A) tail-PABP complex.

CAF1 binding is necessary for TOBs to promote rapid mRNA
deadenylation and decay. To further test the recruitment model,
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we combined siRNA-mediated gene knockdown and RNA tether-
ing to see whether knocking down CAF1 would affect the ability of
TOB to promote mRNA deadenylation and decay. The results
(Fig. 3A, top) show that when endogenous CAF1 was knocked
down, tethering TOB1 or TOB2 protein did not promote rapid
mRNA deadenylation and decay. In contrast, the deadenylation
and decay promoted by TOB was not affected in controls treated
with nonspecific siRNA (Fig. 3A, bottom [Ctrl siRNA]). Western
blot analysis confirmed that CAF1 expression was knocked down
by specific but not control siRNA (Fig. 3B). These results indicate
that the ability of TOB to enhance mRNA deadenylation and de-
cay requires CAF1 poly(A) nuclease.

To determine if interaction between TOB and CAFI is re-
quired for TOB to promote mRNA deadenylation and decay, we
created TOB mutants that do not interact with CAF1 and tested
whether tethering these mutants affected the deadenylation and
decay of target mRNAs. According to the crystallographic struc-
ture of a complex between the highly conserved N-terminal do-
main of TOB1 (BTG domain) and CAF1 (18), we predicted that
residues 61, 62, and 64 of TOBI are critical for the interaction of
TOB with CAF1. We changed residues 61, 62, and 64 of human
TOBI1 and TOB2 to alanine to create MS2-TOB1(TM) and
MS2-TOB2(TM) (see Fig. S1 in the supplemental material). These
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FIG 3 CAF1 is required for TOB-promoted deadenylation and decay. (A)
Northern blot analyses of the effects of Cafl knockdown (top) or control
knockdown (bottom) on deadenylation and decay of BBB+12bs mRNA pro-
moted by tethering MS2-TOBs to the transcript. NIH 3T3 B2A2 cells were
cotransfected with Tet promoter-regulated plasmids encoding the BBB+12bs
and the BBB control mRNAs and either the MS2 plasmid or one of the MS2-
TOB plasmids as indicated, as well as either the control siRNA (Ctrl siRNA,
bottom) or CAF1 siRNA (top). Samples were taken at the indicated times after
tetracycline addition. The preparation of poly(A)” RNA (A—) was as de-
scribed in the Fig. 1 legend. (B) Western blot analysis showing expression levels
of MS2, MS2-TOB1, and MS2-TOB2 proteins (top), CAF1 protein levels
(middle), and GAPDH loading control (bottom) in cells transfected with ei-
ther the control siRNA (Ctrl siRNA, left) or CAF1 siRNA (right).

residues are in a loop region, so the alanine substitutions are un-
likely to have a negative impact on the N-terminal domain integ-
rity (see Fig. S2 in the supplemental material). Co-IP and Western
blot analysis (Fig. 4A) showed that the triple-alanine mutations
(TM) in TOBI1 and TOB2 indeed abolished interactions of the
TOB proteins with CAF1 but not with PABP, whereas the wild-
type (Wt) TOB1 and TOB2 proteins pulled down both CAF1 and
PABP. When the MS2-TOB1(TM) or MS2-TOB2(TM) mutant
was coexpressed with the BBB+12bs reporter mRNA, neither
promoted rapid deadenylation and decay (Fig. 4B and C). This
contrasts with the behavior of the wild-type MS2-TOB proteins
(Fig. 4B and C). These results indicate that TOB must interact with
CAF1 in order to accelerate mRNA deadenylation and decay.

To further corroborate the results described above, we changed
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three highly conserved leucine residues close to the N terminus of
TOBI1 and TOB2 (positions 32, 35, and 36) to glycine to create
mutants MS2-TOB1(3LG) and MS2-TOB2(3LG) (see Fig. S1 in
the supplemental material). These mutations were predicted to
disrupt an a-helix that is critical for the interaction of TOB with
CAF1 (18). Co-1P and Western blot analysis (Fig. 4A) showed that
these mutations, like the TM mutations described above, abol-
ished interaction of the TOB proteins with CAF1 but not with
PABP. The results from the corresponding time course experi-
ments (Fig. 4B and C) showed that neither MS2-TOB1(3LG) nor
MS2-TOB2(3LG) promoted rapid mRNA deadenylation or de-
cay. Taken together, our results show that CAF1 binding is neces-
sary for TOB1 and TOB2 to promote rapid mRNA deadenylation
and decay.

Interaction with CAF1 is required for TOBs to repress pro-
tein production of target mRNAs. To determine the effect of
tethering TOBs on the protein production from target mRNAs,
we introduced 12 MS2 binding sites into the 3" UTR of a green
fluorescent protein (GFP) mRNA to create the GFP+12bs re-
porter mRNA. The results from Western blot analysis (Fig. 5A,
MS2-TOB1 and MS2-TOB2) showed that tethering TOB proteins
to the GFP mRNA greatly reduced the protein levels derived from
the reporter. In contrast, no appreciable decrease in the cognate
protein was observed when GFP mRNA lacking MS2-binding
sites was coexpressed with either MS2-TOB1 or MS2-TOB2 or
when GFP+12bs mRNA was coexpressed with pcDNA6 vector
alone, MS2 alone, or TOB proteins lacking the MS2 domain. Real-
time RT-PCR quantification of GFP+ 12bs mRNA levels (Fig. 5A,
right) further showed that the changes in the levels of GFP+12bs
mRNA directly parallel the changes in the corresponding protein
levels. Taken together, these data demonstrate that tethering
TOBs represses protein production from the target mRNAs
through promoting decay of the transcripts.

We then tested whether interaction of TOB protein with CAF1
is required for TOBs to repress protein production from the
GFP+12bs mRNA. The results show that tethering TOB(TM) or
TOB(3LG) mutant proteins, which do not bind CAF1, had little
effect on the protein levels derived from GFP+12bs mRNA (Fig.
5B, TM and 3LG). This contrasts with the effect of tethering the
wild-type TOB or TOB(FF) mutant proteins (Fig. 5B, Wt and FF).
Collectively, these results indicate that interaction with CAF1 is
required for TOB1 and TOB2 to downregulate gene expression,
further supporting the recruitment model.

The ability of TOBs to promote mRNA deadenylation and
decay is independent of the phosphorylation status of three reg-
ulatory serines for antiproliferative action. Phosphorylation of
serines 152, 154, and 164 of TOBI (see Fig. S1 in the supplemental
material) appears to play a role in regulating its antiproliferative
function (24, 34). Inhibition of cell growth was decreased when
these serines were replaced with glutamic acid residues to mimic
constitutive phosphorylation. Furthermore, serum stimulation of
quiescent NTH 3T3 cells is accompanied by phosphorylation of
TOB at these serine residues and a decreased ability of TOB to
exert growth arrest. To test whether the phosphorylation status of
these three conserved serine residues in TOB1 and TOB2 proteins
affects their ability to promote mRNA deadenylation and decay,
we carried out RNA-tethering assays with two TOB phosphomi-
metics, MS2-TOB1(3SE) and MS2-TOB2(3SE), created by substi-
tuting glutamate at S152, S154, and S164 of TOB1 and S153, S155,
and S163 of TOB2 (see Fig. S1 in the supplemental material). We
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GAPDH served as loading control. Wt, wild type.

also created nonphosphorylatable mutants, MS2-TOB1(3SA) and
MS2-TOB2(3SA), by converting the target serines to alanine (see
Fig. S1). The results from Co-IP and Western blot analysis (Fig. 6A
and B) showed that all four mutant MS2-TOB proteins pulled
down both CAF1 and PABP, and time course experiments showed
that all four mutants were each able to elicit rapid deadenylation
and decay of the BBB+ 12bs reporter mRNA, both in proliferating
cells (Fig. 6C and D) and in serum-stimulated quiescent cells (see
Fig. $3 in the supplemental material). These data indicate that the
phosphorylation status of these three conserved serine residues
does not affect the ability of TOB proteins to promote mRNA
deadenylation and decay.

The antiproliferative and the mRNA deadenylation/decay-
promoting effects of TOB proteins are linked. Earlier studies
found that knocking down CAF1 or ectopically expressinga CAF1
mutant unable to bind TOB1 compromised the ability of TOB1 to
arrest cell growth or to reduce foci formation in cancer cells (18),
suggesting that interaction between TOB1 and CAF1 is involved
in the antiproliferative effect of TOB1. However, as efficient cell
proliferation requires CAF1 (4), it is unclear whether the observed
loss of cell growth inhibition was simply due to a loss of proper
CAF]1 function or whether binding to CAF1 is necessary for TOB1
to achieve its antiproliferative effect. To address this issue, we
performed cell growth assays using the U20S cell line, widely used
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for growth arrest and cell cycle studies, to examine the cell growth
arrest effects of TOB1 and TOB2 mutant proteins unable to bind
PABP or CAF1. TOBI and its 3SA and 3SE mutants were used as
controls (34).

The results (Fig. 7) show that TOB2 and TOB2(3SA) signifi-
cantly slowed cell growth, as did the positive controls, TOB1 and
TOB1(3SA). On the other hand, TOB2(3SE) lost its ability to in-
hibit cell growth, as did the negative control, TOB1(3SE). More-
over, the TOB1(FF) and TOB2(FF) mutants, which lack PABP-
binding ability, and the TOB1(3LG) and TOB2 (3LG) mutants,
which lack CAF1-binding ability, did not inhibit cell growth.
These results indicate that for both TOB1 and TOB2 proteins,
there is a link between the ability to promote mRNA deadenyla-
tion and decay and the ability to suppress proliferation. It is worth
noting that TOB(3SA) mutants exhibited a stronger growth-
inhibitory effect than wild-type TOB. Although TOB1(3SA) is ex-
pressed at much lower levels than all others, it still exhibited a
strong growth-inhibitory effect, comparable to that of wild-type
TOBI. Given that phosphorylation of three conserved serines of
TOBI reduced its ability to exert growth arrest (34) but did not
affect its ability to promote deadenylation and decay of mRNAs
(Fig. 6; see also Fig. S3 in the supplemental material), our obser-
vations suggest that the TOB proteins exert their antiproliferative
effects through more than one pathway.
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DISCUSSION

Recruitment model for TOB-promoted deadenylation. Obser-
vations that TOB can interact simultaneously with CAF1 and
PABP and that the PABP binding capacity of TOB1 and TOB2
proteins was required for accelerated mRNA deadenylation (13)
prompted a recruitment model for TOB-enhanced deadenyla-
tion. The model posits that TOB proteins form a complex with
CCR4-CAF1 deadenylases, with the CCR4-CAF1-TOB complex
then recruited to the mRNA poly(A) tail through binding of TOB
to PABP, thereby leading to accelerated deadenylation. In the
present study, the combination of an RNA-tethering strategy with
functional assays that directly monitor deadenylation kinetics and
precursor-product relationships during mRNA decay has pro-
vided several new lines of evidence supporting the recruitment
model.

A key element of the recruitment model is that PABP serves as
the docking protein at the mRNA poly(A) tail for the TOB-CAF1-
CCR4 complex; this predicts that the dependence on PABP bind-
ing of TOB-enhanced deadenylation/decay can be bypassed if
TOB is directly tethered to the target mRNA. This prediction is
confirmed by the data in Fig. 2 showing that TOB mutants unable
to bind PABP promote rapid deadenylation and decay only if teth-
ered to the target mRNA. The recruitment model also predicts
that TOB proteins will lose the ability to promote deadenylation if
their interaction with CAF1 deadenylase is removed. This predic-
tion is confirmed by the results from tethering experiments (Fig.
4) with TOB mutants that cannot bind CAF1 but remain able to
bind PABP. Moreover, when CAF1 was knocked down, tethering
wild-type TOB proteins no longer promoted rapid deadenylation
and decay of target mRNA (Fig. 3). Collectively, these separate
lines of kinetic data provide critical mechanistic evidence to vali-
date the recruitment model for the actions of TOB proteins.
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A previous study reported that ectopic expression of BTG2,
another member of the BTG/TOB family, also resulted in rapid
deadenylation of mRNA (28). In contrast with the TOB proteins,
which bind to both CAF1 and PABP, BTG2 can bind to CAF1 but
not to PABP (27). This suggests that BTG2 has a different mech-
anism for accelerating deadenylation than that used by TOB1 and
TOB2.

Linkage between deadenylation-promoting and antiprolif-
erative actions of TOB proteins. The antiproliferative effects of
TOBI1 have been suggested to involve the CAF1-CCR4 deadeny-
lase complex (18), but the supporting evidence was open to other
interpretations. This ambiguity has now been removed by results
from our experiments with TOB1 and TOB2 mutants that are
selectively unable to bind either PABP or CAF1 (Fig. 1,2, and 4 to
7). The new data provide direct evidence establishing a link be-
tween the ability of TOB proteins to promote mRNA deadenyla-
tion/decay and their ability to arrest cell growth.

Given the linkage between the deadenylation-promoting and
antiproliferative actions of the TOB proteins, the finding (Fig. 6)
that the ability of TOBI and TOB2 to promote mRNA deadeny-
lation and decay is independent of the phosphorylation status of
three regulatory serines critical for antiproliferative action (34)
suggests that the TOB proteins exert their growth inhibition effect
through at least two distinct mechanisms; one is modulated by the
phosphorylation status of the three conserved serine residues and
the other is not. However, it remains possible that the TOB(3SE)
mutants may not be true phosphomimetics and they may be im-
paired in a step in deadenylation/decay that is rendered nonlim-
iting by directly tethering them to the reporter mRNA. In any case,
while TOB was reported to exert cell growth arrest through alter-
ing transcription of target genes (reviewed in reference 21), the
linkage between the deadenylation-promoting and antiprolifera-
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FIG 6 The ability of TOBs to promote deadenylation and decay is not affected by the phosphorylation status of three conserved serines. (A and B) Co-IP—
Western blot analysis of interactions of MS2-TOBI and MS2-TOB2 and their mutant derivatives with PABP and CAF1 deadenylase. Cells were transfected with
plasmids encoding V5-tagged MS2, MS2-TOB1, MS-TOB2, the 3SA mutants, or the 3SE mutants. RNase A-treated total lysates were incubated with anti-V5
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also examined. An aliquot (8%) of each lysate (L) was analyzed. GAPDH served as loading and nonspecific control. (C) Northern blot analyses of deadenylation
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tive actions of TOB1 and TOB2 (Fig. 7) also suggests that TOB
proteins can exert their antiproliferative function by modulating
mRNA turnover (Fig. 8).

Proximity to mRNA intensifies actions of TOBs. The present
data show that tethering TOBs to the reporter mRNA not only
promotes rapid deadenylation but also enhances subsequent
mRNA decay (Fig. 1) and significantly reduces protein production
(Fig. 5) from the target mRNA. They further demonstrate that
TOBs exert their gene silencing effect through promoting mRNA
destabilization. On the other hand, when TOB proteins are ectop-
ically expressed without engineered targeting to a reporter mRNA,
the effect is a modest increase in deadenylation but unaltered de-
cay of the RNA body (Fig. 1C, control BBB mRNA) (13). These
observations suggest that there are two distinct aspects to the ef-
fects of TOB proteins on mRNA expression in mammalian cells
(Fig. 8). On one hand, TOB expression can result in a nonspecific
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size reduction of poly(A) tails in the general mRNA population,
which may lead to an overall change in mRNA translation effi-
ciency and protein expression. On the other hand, interactions
with sequence-specific RNA-binding proteins may localize or
“tether” TOB proteins to a subset of transcripts and specifically
intensify the rapid deadenylation and decay of these particular
transcripts, thus attenuating production of the cognate proteins.
Supporting the notion of an endogenous system for TOB tether-
ing, a recent study (19) showed that TOBI interacts with a
sequence-specific RNA-binding protein, cytoplasmic polyadenyl-
ation element-binding protein 3 (CPEB3), recruiting the TOB1-
CAF1-CCR4 complex to an mRNA bearing the CPE, resulting in
low expression of that transcript. It is possible that a transient
increase in TOB protein levels could shut off gene expression by
slowing translation of mRNAs through shortening their poly(A)
without degrading the transcripts during G, to G, transition. On
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the other hand, some TOB proteins could be tethered to target
mRNAs through interacting partners that can bind mRNA in a
sequence-specific manner and degrade the transcripts without af-
fecting the general mRNA population. The latter mode of TOB’s
action may be operating in a cell type- or tissue-specific manner,
such as is seen in naive T cells (37).

Functional redundancy of TOB1 and TOB2. The TOBI and
TOB2 genes are paralogs of one another. TOB1 and TOB2 single-
knockout mice are viable and do not exhibit any pathologically
significant phenotypes (1, 42). This suggests that either of the TOB
proteins can provide the critical functionality needed for viability.
Our current and previous studies have made several observations
indicating functional similarity for the TOB1 and TOB2 proteins.
We found that both proteins (i) bind simultaneously with PABP
and CAF1 (13); (ii) promote mRNA deadenylation and decay via
a PABP-dependent mechanism (13) that is probably independent
of the phosphorylation status of three regulatory serines for anti-
proliferative action (Fig. 6); and (iii) suppress cell growth via a
pathway connected with their deadenylation-enhancing function
(Fig. 7). Despite these functional similarities, the maintenance of
TOBI and TOB2 as separate proteins suggests that each protein
has some distinct function that remains to be discovered. In this
regard, a recent report showed that miR-378 participates in onco-
genic transformation by inhibition of TOB2 and not of TOBI,
leading to transcriptional activation of cyclin D1 (14). In contrast,
astudy reported that TOB1 is constitutively expressed in liver and
its downregulation is required for normal liver regeneration (17).
Furthermore, TOB2 and not TOB1 was found to colocalize with
mRNA-processing bodies (13) that contain nontranslating
mRNAs, as well as proteins involved in translational inhibition
and mRNA degradation (3, 12, 15, 30, 44). It will be interesting to
identify the different features of the TOB proteins that are respon-
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sible for these specific functions and to decipher the mechanisms
controlling and/or coordinating the multiple actions of these two
functionally important but redundant proteins.
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