Recruitment of the 4EHP-GYF2 cap-binding complex
to tetraproline motifs of tristetraprolin promotes repression
and degradation of mRNAs with AU-rich elements
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ABSTRACT

The zinc finger protein tristetraprolin (TTP) promotes translation repression and degradation of mRNAs containing
AU-rich elements (AREs). Although much attention has been directed toward understanding the decay process and machinery
involved, the translation repression role of TTP has remained poorly understood. Here we identify the cap-binding
translation repression 4EHP-GYF2 complex as a cofactor of TTP. Immunoprecipitation and in vitro pull-down assays
demonstrate that TTP associates with the 4EHP-GYF2 complex via direct interaction with GYF2, and mutational analyses show
that this interaction occurs via conserved tetraproline motifs of TTP. Mutant TTP with diminished 4EHP-GYF2 binding is
impaired in its ability to repress a luciferase reporter ARE-mRNA. 4EHP knockout mouse embryonic fibroblasts (MEFs) display
increased induction and slower turnover of TTP-target mRNAs as compared to wild-type MEFs. Our work highlights the
function of the conserved tetraproline motifs of TTP and identifies 4EHP-GYF2 as a cofactor in translational repression and

mRNA decay by TTP.
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INTRODUCTION

The translation and degradation of mRNAs are central, inter-
related steps in the control of gene expression. Both processes
are impacted by general mRNA-associated factors. The cap-
binding translation initiation complex eIF4F serves to pro-
mote translation initiation, while preventing access to the
mRNA cap for the DCP2 decapping complex (von der Haar
et al. 2004). Cytoplasmic poly(A)-binding protein (PABPC)
stimulates translation initiation while impacting mRNA
deadenylation through repression or stimulation of deadeny-
lase complexes (Goss and Kleiman 2013). Consistent with
this relation between translation initiation and mRNA stabil-
ity, many RNA-binding proteins (RBPs) that promote
mRNA degradation also repress translation initiation (Whar-
ton et al. 1998; Pillai et al. 2004; Pfeiffer and Brooks 2012).
However, the underlying mechanisms remain poorly
understood.

A subset of translation repressors inhibits translation at the
initiation step by interfering with the eIF4F complex. This in-
cludes eIF4E-binding proteins (4EBPs) that bind to eIF4E
in competition with eIF4G, thereby repressing translation ini-
tiation by inhibition of eIF4F complex formation (Pause et al.
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1994; Marcotrigiano et al. 1999). 4E-T is another eIF4E-bind-
ing protein, which inhibits translation initiation by a less well-
defined mechanism (Dostie et al. 2000). Furthermore, a class
of Saccharomyces cerevisiae RGG-domain proteins associate
with eIF4G to represses translation (Rajyaguru et al. 2012).
Another factor that interferes with cap-dependent translation
is 4EHP (also known as eIF4E2). 4EHP is a homolog of eIF4E
and is thought to repress translation by competition with the
elF4F complex for binding to the mRNA cap (Rom et al. 1998;
Joshi etal. 2004). Drosophila 4AEHP was identified as a cofactor
of the RNA-binding protein Bicoid required for translation
repression of caudal mRNA (Cho et al. 2005). Mammalian
4EHP has been reported to form translation repression com-
plexes with GYF1/GYF2 (also known as GRB10 interacting
GYF protein 1/2) cofactors (Morita et al. 2012), but mRNA-
specific recruitment of 4EHP-GYF complexes has not been
previously identified in mammals.

Tristetraprolin (TTP; also known as ZFP36 or Tis11) is an
RBP that represses translation and activates degradation of
mRNAs containing 3 UTR AU-rich elements (AREs)
(Brooks and Blackshear 2013). TTP plays an important role
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in attenuating cytokine expression during immune responses
via repression and degradation of ARE-containing cytokine
mRNAs (Carballo et al. 1998, 2000; Stoecklin et al. 2008).
In the mouse, TTP knockout results in auto- and hyperim-
munity due to overproduction of the cytokine TNFa, which
is produced from an ARE-containing mRNA (Taylor et al.
1996). TTP binds AREs through its tandem Zn-finger
RNA-binding domain, and recruits the DCP2 decapping
complex (Fenger-Gron et al. 2005; Lykke-Andersen and
Wagner 2005), the CCR4-NOT deadenylase complex (Lai
et al. 2003; Lykke-Andersen and Wagner 2005; Sandler et
al. 2011; Fabian et al. 2013), as well as exonucleases (Chen
et al. 2001; Lehner and Sanderson 2004; Lykke-Andersen
and Wagner 2005). The activity of TTP is controlled through
phosphorylation by the p38-MK2 pathway, which inhibits
recruitment of the CCR4-NOT deadenylase complex and
prevents cytokine mRNA degradation during early stages of
an immune response (Chrestensen et al. 2004; Stoecklin
et al. 2004; Hitti et al. 2006; Clement et al. 2011). In addition
to activation of mRNA decay, TTP also promotes translation
repression, which appears to be the dominant mechanism of
repression by TTP under certain conditions (Schott et al.
2014). The helicase DDX6 (also called Rck/p54) was recently
implicated in translation repression by TTP (Qi et al. 2012),
but the specific mechanism of TTP-mediated translation re-
pression has remained poorly understood.

The RNA-binding zinc finger domain and a C-terminal
CCR4-NOT interaction motif (CIM) are highly conserved
regions of TTP. Another evolutionary conserved feature of
TTP is its tetraproline (PPPPG) motifs, which served as the
basis for the naming of the protein (Lai et al. 1990). However,
the functional significance of these motifs has remained un-
known. Two paralogs of TTP exist in the human genome,
BRF1 (also known as ZFP36L1 and Tisllb) and BRF2
(ZFP36L2, Tisl1d), which, like TTP, promote degradation
of ARE-containing mRNAs (Ciais et al. 2004; Hodson et al.
2010; Zhang et al. 2013). These proteins share the conserved
zinc finger and CIM domains with TTP, but lack the tetra-
proline motifs characteristic of TTP.

In this study, we identify the translation repression com-
plex 4EHP-GYF2 as a TTP cofactor. Our interaction studies
in vitro and in cells demonstrate that TTP associates with the
4EHP-GYF2 complex via direct interaction with the GYF2
subunit. Mutational studies reveal that the interaction occurs
through conserved tetraproline motifs of TTP. Mutation of
TTP tetraproline motifs and knockout of 4EHP in mouse
embryonic fibroblasts resulted in deficiencies in TTP-medi-
ated mRNA repression at both the translational and mRNA
turnover levels. These findings are consistent with a role of
4EHP in TTP-mediated translation repression as was very re-
cently reported (Tao and Gao 2015). Moreover, our study
identifies GYF2 as the factor that bridges 4EHP to TTP via in-
teraction with the characteristic TTP tetraproline motifs, and
suggests that the 4EHP-GYF2 complex links translation re-
pression by TTP with mRNA decay.

374 RNA, Vol. 22, No. 3

RESULTS

The 4EHP-GYF2 translation repression complex
associates with TTP

To identify candidate TTP cofactors, we performed immuno-
precipitation (IP) against endogenous TTP at different time
points during a lipopolysaccharide (LPS)-stimulated innate
immune response in mouse RAW264.7 macrophages and
subjected samples to liquid chromatography followed by tan-
dem mass spectrometry (LC-MS/MS). IPs were performed in
the presence of RNase A to prevent copurification of proteins
that associate with TTP in an RNA-dependent manner. Anti-
TTP IP prior to LPS induction where TTP levels are low (¢ =

0), and IP using normal rabbit serum (NRS) served as nega-
tive controls (Fig. 1A). As expected, we observed all compo-
nents of the CCR4-NOT deadenylase complex in association
with TTP, with the exception of NOT4, which is often absent
from CCR4-NOT complexes (Supplemental Fig. S1; Lau
et al. 2009). In addition, multiple 14-3-3 proteins and
hnRNP F were also detected in association with TTP consis-
tent with previous observations (Johnson et al. 2002; Chres-
tensen et al. 2004; Reznik et al. 2014) as were subunits of
phosphatase 2A (PP2A), consistent with previous reports of
TTP dephosphorylation by PP2A (Sun et al. 2007). Intrigu-
ingly, in addition to previously identified TTP-associated fac-
tors, our LC-MS/MS analysis identified the eIF4E homolog
4EHP and the 4EHP-associated GYF-domain protein GYF2
in association with TTP (Fig. 1A). The GYF2-paralog GYF1
was also found associated with TTP but only at modest levels.
These associations were all specific to TTP as they were min-
imal in both of the negative control IPs (Fig. 1A; Supplemen-
tal Fig. S1). Not all factors known to complex with TTP were
captured by this approach; for example, decapping and exo-
some components, previously observed in complex with TTP
by co-IP (Chen et al. 2001; Lehner and Sanderson 2004;
Lykke-Andersen and Wagner 2005), were not detected above
the background in our IP LC-MS/MS data.

TTP interacts with the 4EHP-GYF2 complex
via a direct interaction with GYF2

To test whether the 4EHP-GYF2 complex serves as a cofactor
for TTP in mRNA repression, we first sought to further char-
acterize the association between TTP and the 4EHP-GYF2
complex. Of the two GYF proteins, we focused entirely on
GYF2 given the low level of peptide recovery for GYF1 in
our IP-LC-MS/MS assays. Consistent with our IP-LC-
MS/MS data, myc-tagged mouse TTP could be observed to
co-purify in an RNA-independent manner with Flag-tagged
mouse 4EHP and GYF2 when transiently coexpressed in hu-
man embryonic kidney (HEK) 293T cells (Fig. 1B).

To test whether the interaction between TTP and 4EHP-
GYF2 is direct, we produced glutathione-S-transferase
(GST)-tagged mouse TTP and Hiss-tagged mouse 4EHP
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FIGURE 1. TTP interacts with the 4EHP-GYF2 complex. (A, fop) Western blot for TTP in sam-
ples immunoprecipitated with anti-TTP or normal rabbit serum (NRS) from mouse macrophage
RAW264.7 cells treated with lipopolysaccharide (LPS) for various lengths of time as indicated.
(IgG h.c.) 1gG heavy chain. (Bottom) Graph showing the number of peptides for 4EHP, GYF2,
and GYF1 detected per 1000 of total detected peptides in LC-MS/MS analyses of the IPs. (B)
Western blots of input and anti-Flag IPs from HEK293T cells cotransfected with myc-TTP and
Flag-4EHP or Flag-GYF2. Lysates were treated with RNase A prior to IP. (C) Western blots mon-
itoring Hiss-4EHP and Hiss-GYF2 interaction with GST or GST-TTP in in vitro pull-down assays
using glutathione Sepharose beads. GST and GST-TTP were detected using anti-GST; 4EHP and
GYF2 were detected using anti-4EHP and anti-GYF2, respectively. (D) Proposed model of inter-
action between TTP and the 4EHP-GYF2 complex. TTP directly binds GYF2, which is known to

interact with 4EHP.

and GYF2 recombinantly in Escherichia coli for use in in vitro
pull-down assays. This uncovered an interaction between
TTP and GYF2 that was independent of 4EHP (Fig. 1C). A
weak interaction could also be observed between TTP and
4EHP in some experiments, but this interaction was strongly
enhanced by GYF2 (Fig. 1C; Supplemental Fig. S2). There-
fore, complex formation between TTP and 4EHP-GYF2 is
mediated primarily by a direct interaction between TTP
and GYF2 with a possible minor contribution from an addi-
tional TTP-4EHP interaction (Fig. 1D).

GYF2 interacts with TTP via TTP tetraproline
motifs

Next, to map the domain(s) of TTP important for interaction
with 4EHP-GYF2, we transiently expressed domain trunca-
tion mutants of mouse TTP in HEK293T cells and monitored
for effects on association with 4EHP and GYF2 by co-IP. The
N-terminal domain (NTD) of TTP was necessary and suffi-
cient for 4EFHP and GYF2 association, as deletion of the
TTP NTD (ANTD) resulted in loss of 4EHP and GYF2 asso-

brates revealed strong conservation of a
PPPG¢ motif overlapping with the first
tetraproline motif, which is located near
the C-terminal end of the TTP NTD (aa
63-68), within the minimal region of
TTP associating with 4EHP-GYF2 (Fig.
3A). Tetraproline motif 2 residing in the
TTP CTD is less conserved but also
matches a PPPG¢ consensus in many ver-
tebrates including human and mouse,
whereas tetraproline motif 3 is poorly
conserved and fails to match a PPPG¢
consensus (Fig. 3A). Mutation of the con-
served prolines of tetraproline motif 1 to serines dramatically
decreased 4EHP and GYF2 association with full-length mouse
TTP as well as with the TTP NTD and TTP¢;_o5 (Fig. 3B).
Mutation of the GF sequence that follows the tetraprolines
to DE reduced association of the TTP NTD and TTPg;_o3
with 4FHP-GYF2, but had little effect in the context of full-
length TTP, suggesting that this mutation is less disruptive
to the interaction.

Combining P to S mutations in tetraproline motifs 1, 2,
and 3 revealed that motif 2 contributes to 4EHP-GYF2 asso-
ciation, as mouse TTP containing mutations in both of mo-
tifs 1 and 2 showed decreased association with 4EHP-GYF2
as compared with TTP mutated in motif 1 alone (Fig. 3C).
In contrast, we observed no contribution from motif 3, con-
sistent with the absence of a hydrophobic residue following
the PPPG sequence in this motif (Fig. 3A). The importance
of TTP tetraproline motifs 1 and 2 for the interaction with
GYF2 was confirmed in vitro, as P to S mutations in these
motifs resulted in loss of GYF2 interaction (Fig. 3D). In con-
trast, tetraproline mutations did not impair association of
TTP with previously identified mRNA decay TTP cofactors
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FIGURE 2. The TTP N-terminal domain is necessary and sufficient for
association with 4EHP and GYF2. Western blots for indicated factors in
input and anti-myc IP fractions from RNase A-treated extracts of
HEK293T cells transiently expressing indicated myc-tagged TTP vari-
ants and Flag-tagged 4EHP. A schematic of TTP is shown at the top in-
dicating the N-terminal domain (NTD), the RNA-binding domain
(RBD), the C-terminal domain (CTD), and the CNOT-interacting mo-
tif (CIM).

CNOT1 (Fig. 3C), DCP1A, and XRN1 (Fig. 3E). Consistent
with the tetraproline motifs of TTP serving as the primary
site of interaction with the 4EHP-GYF2 complex, we ob-
served little association of GYF2 with TTP paralogs BRF1
and BRF2, which lack PPPG¢ motifs (Fig. 3F).

Tetraproline motifs 1 and 2 and 4EHP contribute
to TTP-mediated mRNA repression

To test the functional importance of TTP-GYF2-4EHP com-
plex formation, we turned to mouse embryonic fibroblasts
(MEFs), which express TTP endogenously upon serum stim-
ulation. First, we took advantage of TTP knockout (TTP~'7)
MEFs (Lai et al. 2006) to compare the ability of wild-type and
mutant TTP proteins to repress an ARE-containing luciferase
reporter mRNA. Wild-type or mutant TTP was transiently
coexpressed in the TTP™'~ MEFs with a firefly luciferase re-
porter containing the ARE of human GM-CSF mRNA.
Renilla luciferase lacking an ARE served as a normalization
control. As expected, wild-type TTP greatly repressed firefly
luciferase expression (Fig. 4A; Supplemental Fig. S4).
Measurement of mRNA levels revealed that repression of
the luciferase reporter, for reasons that are unknown, occurs
entirely at the translational level (Supplemental Fig. S4).
Mutations in tetraproline motifs 1 and 2 reduced the ability
of TTP to repress the luciferase ARE-reporter, despite this
protein being expressed at similar levels as WT TTP (Fig.
4B). As expected, deletion of the CIM domain also reduced
TTP activity. The absence of a complete loss of TTP function
associated with mutations in the tetraproline and CIM motifs
is consistent with the ability of TTP to recruit multiple re-
pression complexes via different domains (Fig. 3; Lykke-
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Andersen and Wagner 2005; Fabian et al. 2013).
Combining the tetraproline and CIM mutations modestly
decreased TTP activity over the two single mutants (Fig.
4A), although this effect was not found statistically significant
(P=0.18).

To more directly test the importance of 4EHP in ARE-
mRNA repression, we turned to 4EHP™'~ MEFs (Morita
et al. 2012). Consistent with 4EHP-GYF2 playing a role in
ARE-mRNA repression, increased luciferase activity is ob-
served from the firefly luciferase ARE-reporter in 4EHP™'~
MEFs as compared to MEFs from 4EHP™'" littermates (Fig.
4C). Importantly, reintroduction of exogenous 4EHP and
GYF2 into the knockout cell line partially rescued this in-
crease in expression; GYF2 was coexpressed with 4EHP in
this rescue experiment because GYF2 levels were previously
reported to be low in the 4EHP™~ MEFs (Morita et al.
2012). These findings are consistent with a recent report of
4EHP playing a role in TTP-mediated translation repression
(Tao and Gao 2015).

Endogenous TTP-target mRNAs are stabilized
in 4EHP knockout MEFs

We next tested the importance of 4EHP for repression of en-
dogenous TTP-target mRNAs using the 4EHP™'~ MEFs
(Morita et al. 2012). Serum addition is a well-described stim-
ulation that induces TTP and TTP-target mRNAs in MEFs
(Lai et al. 1990, 2006). We therefore monitored the induction
of known TTP-target mRNAs during a time course of 6 h of
serum stimulation following serum starvation in 4EHP™'~
MEFs as compared to the MEFs from 4EHP*'* littermates
(Lai et al. 2006). This revealed strongly enhanced induction in
4EHP~'~ MEFs of Ier3, Csf2, and Cxcl10 mRNAs, all ARE-
containing mRNAs known to be regulated by TTP (Fig.
5A). In contrast, Fos mRNA, which is regulated in a TTP-in-
dependent manner (Stoecklin et al. 2001; Lai et al. 2006), was
unaffected by 4EHP knockout. The increased induction of
TTP-target mRNAs in 4EHP™~ MEFs occurred despite
TTP mRNA and protein induction being similar, and possi-
bly slightly higher, in the 4EHP™'~ as compared to the
4EHP*™* MEFs (Fig. 5B).

The observation of increased accumulation of TTP-tar-
get mRNAs in 4EHP™'~ MEFs suggested a possible effect of
4EHP on mRNA decay. Indeed, actinomycin D-mediated
transcription shutoff mRNA decay assays performed 2 h after
serum induction revealed that Ier3, Csf2, and Cxcl10 mRNAs
are all stabilized in 4EHP™~ as compared to the 4EHP™'* lit-
termate MEFs (Fig. 5C). In contrast, Fos and histone H2A
(Hist2h2aal) mRNAs, which undergo rapid decay indepen-
dently of TTP, did not show reduced decay rates in 4EHP
knockout MEFs. Collectively, our observations suggest
that the 4EHP-GYF2 complex is an important cofactor in
the repression of ARE-mRNAs by TTP and that 4EHP-
GYF2 contributes to both translation repression and mRNA
decay.
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FIGURE 3. TTP interacts with GYF2 through tetraproline motifs 1 and 2. (A) Sequence alignment of the tetraproline motifs of mouse TTP with
corresponding regions of TTP from other vertebrates. Amino acids matching the PPPG¢ GYF-binding consensus are highlighted in bold. (B)
Western blots for proteins indicated on the left in input and anti-Flag IP samples from RNase A-treated extracts of HEK293T cells transiently express-
ing indicated Flag-tagged TTP variants. The first PPPPGF motif of TTP was mutated to PSSSGF (SSS) or PPPPDE (DE) in the contexts of full-length
TTP (FL), the TTP NTD, or the 33 amino acids surrounding the motif (TTPg;_o3). (C) Same as panel B, with each of the three tetraproline motifs of
Flag-tagged TTP mutated as indicated in the schematic above (1-S, 2-S, 3-S), and all combinations of those mutations. (D) Western blot for an in vitro
pull-down assay similar to Figure 1C, with the addition of GST-tagged 12-S mutant of TTP. (E) Western blots of input and anti-Flag IP samples similar
to panel C. (F) Western blots of input and anti-myc IP samples from RNase A-treated extracts of HEK293T cells transiently expressing myc-tagged
mouse TTP, BRF1, or BRF2. A mutant version of mouse TTP with all prolines of the first tetraproline motif and the immediate downstream four

prolines replaced with alanines (Pmut) was also included.

DISCUSSION

In this study, we have identified the 4EHP-GYF?2 translation
repression complex as a cofactor of TTP (Fig. 6). TTP asso-
ciates with the 4EHP-GYF2 complex via direct interaction
with GYF2 as evidenced by in vitro pull-down assays using
E. coli produced proteins (Figs. 1C, 3D). The conserved first
and second tetraproline motifs of TTP are necessary for
maintaining direct interaction with GYF2, both in transfected
mammalian cells and in in vitro pull-down assays (Fig. 3).
The 4EHP-GYF2 complex contributes to TTP-mediated

mRNA repression as evidenced by the derepression of an
ARE-containing luciferase reporter mRNA upon mutation
of TTP tetraproline motifs and knockout of 4EHP and by
the accumulation and stabilization of TTP-target mRNAs in-
duced during serum activation of 4EHP™'~ MEFs (Figs. 4, 5).
Given the evolutionary conservation of TTP tetraproline mo-
tifs (Fig. 3A), the role of the 4EHP-GYF2 complex in TTP
function is likely conserved in vertebrates.

How does the 4EHP-GYF2 complex contribute to TTP ac-
tivity? In addition to activating mRNA degradation, TTP has
been demonstrated to promote translation repression, which
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FIGURE 4. TTP mutated in tetraprolines 1 and 2 is impaired in its abil-
ity to repress a luciferase reporter ARE-mRNA. (A) Luciferase lumines-
cence assays from TTP™'~ MEFs transiently coexpressing wild-type or
mutant TTP with two reporters, one encoding firefly luciferase
(F-Luc) containing in its 3 UTR the AU-rich element (ARE) from hu-
man GM-CSF mRNA, and one encoding Renilla luciferase (R-Luc)
without an ARE as an internal control. For each sample, F-Luc activity
was normalized to R-Luc and values were normalized to the wild-type
TTP-transfected condition, which was set as 1. Error bars represent
standard error of the mean (SEM) (n = 4). P-values were calculated us-
ing Student’s #-test (paired, two-tailed). (B) Representative Western blot
of samples used in panel A. PABP was used as the loading control. (C)
Luciferase assays in 4EHP™" and 4EHP™'~ MEFs similar to the experi-
ment in panel A except in the absence of cotransfected TTP and the ab-
sence or presence of transiently expressed 4EHP and GYF2 as indicated.
Error bars represent SEM (n = 3).

might be the predominant mechanism of TTP-mediated re-
pression in some conditions (Qi et al. 2012; Schott et al.
2014). 4EHP was recently reported to stimulate translation
repression mediated by TTP (Tao and Gao 2015), which is
consistent with the reported function of Drosophila 4EHP
and the mammalian 4EHP-GYF2 complex in translation re-
pression (Cho et al. 2005; Morita et al. 2012). Consistent with
this, we found that mutation in tetraproline motifs 1 and 2
reduced the ability of TTP to associate with 4EHP-GYF2
(Fig. 3) and to repress a luciferase ARE-reporter (Fig. 4).
4EHP knockout also resulted in derepression of the luciferase
ARE-reporter (Fig. 4C), but in addition, triggered accumula-
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tion and stabilization of TTP-target mRNA in serum-activat-
ed MEFs (Fig. 5). Therefore, in addition to stimulating
translation repression, 4EHP-GYF2 also contributes to
TTP-mediated mRNA degradation. 4EHP-GYF2 might link
repression of translation initiation with mRNA degradation
directly, for example, by interfering with the eIF4F complex
to promote a remodeling step that helps expose the mRNA
cap to decapping or by recruitment of unknown mRNA de-
cay factors. Alternatively, the increased accumulation and
stabilization of TTP-target mRNAs in serum-stimulated
4EHP knockout MEFs could be a secondary effect of a failure
in TTP-mediated translation repression, for example, if in-
creased translation of TTP-target mRNAs results in delayed
attenuation of the serum activation response. In contrast to
TTP, we observed no dramatic up-regulation of 4EHP and
GYF2 during LPS stimulation of RAW macrophages or se-
rum stimulation of MEFs (Fig. 5B; Supplemental Fig. S5A).
Moreover, unlike the association with the CCR4-NOT com-
plex (Marchese et al. 2010; Clement et al. 2011), we found no
effect of the phosphatase 2A (PP2A) inhibitor okadaic acid
on the association of TTP with 4EHP-GYF2 (Supplemental
Fig. S5B). Thus, accumulation of TTP-4EHP-GYF2 com-
plexes during LPS- or serum-stimulation is likely regulated
by changes in TTP levels rather than by TTP phosphorylation
or regulation of 4EHP or GYF2.

Our findings add a new layer of complexity to TTP-medi-
ated mRNA regulation. In previous studies, TTP has been
found to associate with and activate the exosome (Chen
et al. 2001) and the DCP2 decapping (Lykke-Andersen and
Wagner 2005) and CCR4-NOT deadenylase complexes
(Lykke-Andersen and Wagner 2005; Fabian et al. 2013).
Consistent with the ability to activate multiple mRNA re-
pression and degradation factors, multiple domains and mo-
tifs of TTP have been found to contribute to TTP function
(Johnson and Blackwell 2002; Lykke-Andersen and Wagner
2005) including the tetraproline motifs as identified in this
study (Fig. 6). This ability to engage multiple mRNA repres-
sion and degradation machineries appears to be an emerging
general principle in mRNA regulation by RBPs. For example,
UPF1, the central component of the nonsense-mediated de-
cay pathway, is known to associate with multiple degradation
factors (Ohnishi et al. 2003; Fukuhara et al. 2005; Eberle et al.
2009). The microRNA-guided RISC complex can also both
activate degradation and repress translation (Huntzinger
and Izaurralde 2011). Similarly, PUF proteins are known to
repress and degrade mRNAs by recruitment of multiple
cofactors (Goldstrohm et al. 2006; Weidmann and Gold-
strohm 2012). Thus, the ability to recruit multiple repression
factors might be an important general feature of RBPs that
promote mRNA repression. This could serve as a mechanism
to efficiently activate sequential steps in mRNA repression
and degradation. Alternatively, cofactors could be individual-
ly sufficient for mRNA repression, allowing the RBPs to carry
out mRNA repression and/or degradation in different tissues
using different available cofactors.
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FIGURE 5. 4EHP knockout MEFs show increased induction and stability of TTP-target mRNAs. (A) Quantification of Ier3, Cxcl10, Csf2, and Fos

mRNA levels using qRT-PCR during serum induction of MEFs from
an internal control for normalization and values were normalized to t

4EHP™" (blue) and 4EHP ™'~ (red) littermates. Gapdh mRNA was used as
he values for 4EHP"'" MEFs at t = 0. Error bars represent SEM (n = 3). (B,

top) Western blots for TTP, 4EHP, and PABP during the serum induction time course described in panel A. (Bottom) qRT-PCR quantification of
Ttp mRNA levels during the serum induction time course with error bars as in panel A. (C) Decay assays using actinomycin D transcriptional shutoff.
mRNA levels were quantified by qRT-PCR and normalized to Gapdh mRNA, with values at t = 0 set to 1. Error bars represent SEM (1 = 3). Calculated
half-lives + SEM of each mRNA species (assuming an infinite Gapdh mRNA half-life) are listed in minutes. P-values were calculated using Student’s t-

test (paired, two-tailed).

MATERIALS AND METHODS

Plasmid constructs

Coding sequences (CDS) of mouse TTP, BRF1, BRF2, 4EHP, and
GYF2 were amplified from cDNA reverse-transcribed using
Superscript IT (Invitrogen) from total RNA of NIH/3T3 cells, and in-
serted into pcDNA3-based mammalian expression vectors pcDNA3-
myc and pcDNA3-Flag (Lykke-Andersen 2002) and bacterial expres-
sion vectors pET-his (Lykke-Andersen et al. 2000) and pGEX-4T1
(Amersham). Sequences encoding domain truncations of TTP used
in Figures 2, 3 and Supplemental Fig. S3 were inserted into pcFlag-
NMS2 (Lykke-Andersen et al. 2000), which fused the domains with
MS2 coat protein to add additional size. Firefly luciferase and
Renilla luciferase CDS were subcloned from pGL2 and pRL
(Promega), respectively, into pcDNA3-myc. A 62-bp AU-rich ele-
ment of human GM-CSF (Voeltz and Steitz 1998) was inserted into
the 3" UTR of pcDNA3-myc-Luc. Plasmid sequences are available
upon request.

Cell culture

RAW264.7 cells and HEK 293T cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco) with 10% fetal bovine se-
rum (FBS). Mouse embryonic fibroblasts were cultured in DMEM
containing 1 mM sodium pyruvate (Gibco) with 10% FBS and
2 mM L-glutamine (Gibco). In the experiments shown in Figure 5,
cells were washed two times with PBS and grown in DMEM contain-
ing 0.5% FBS for a 24-h serum starvation period. Cells were then se-
rum-induced with DMEM containing 10% FBS for indicated
amounts of time. In mRNA decay assays (Fig. 5), 2 h after serum in-
duction, 10 ug/mL actinomycin D was added to stop transcription.
The decay time course was started after 35 min, and samples were
harvested into TRIzol at indicated time points.

Antibodies and Western blotting

Western blots were performed with the following antibodies at the in-
dicated concentrations: rabbit polyclonal anti-Myc (Sigma-Aldrich,
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FIGURE 6. TTP recruits multiple corepressors to repress target
mRNAs. Schematic showing TTP motifs and domains contributing to
mRNA repression. The CIM recruits the CCR4-NOT deadenylation
complex via direct interaction with CNOT1. The NTD of TTP associates
with the DCP2 decapping complex. Our work demonstrates the con-
served tetraproline motifs of TTP recruiting the 4EHP-GYF2 complex.

C3956; 1:1000), rabbit polyclonal anti-Flag (Sigma-Aldrich, F7425;
1:1000), rabbit polyclonal anti-TTP (Sigma-Aldrich, T5327; 1:500),
rabbit polyclonal anti-PABP (Abcam, ab21060; 1:1000), rabbit poly-
clonal anti-CNOT1 (Proteintech, 14276-1-AP; 1:200), rabbit poly-
clonal anti-GIGYF2 (Santa Cruz, sc-134708; 1:50), rabbit
polyclonal anti-EIF4E2 (GeneTex, GTX103977; 1:200), and mouse
monoclonal anti-GST (Abgent, AM1011a; 1:600).

Coimmunoprecipitation assays

For coimmunoprecipitation assays, cells in 10-cm plates were trans-
fected with 5 pg of the indicated 4EHP, GYF2, TTP, BRF1, or BRF2
constructs, using TransIT 293 reagent according to manufacturer’s
protocol (Mirus). After 48 h, cells were washed with PBS, pelleted
by centrifugation at 1000g for 5 min, and lysed in 1 mL of ice-cold hy-
potonic gentle lysis buffer (10 mM Tris—HCI pH 7.5, 10 mM NaCl,
2mM EDTA, 0.5% Triton X-100, 1 mM PMSF, 1 uM aprotinin, and
1 uM leupeptin). Lysates were incubated on ice with 50 pg/mL RNase
A for 10 min, and then the NaCl concentration was increased to
150 mM and incubated for another 10 min on ice. The supernatant
was separated from debris by centrifugation at 4°C and 21,130g for
15 min, and added to 50 pL of anti-Flag M2-agarose (Sigma) or anti-
cMyc agarose (Sigma). Beads were washed eight times with 1 mL
NET2 (50 mM Tris—HCI pH 7.5, 150 mM NaCl, and 0.05% Triton
X-100) and resuspended in 50 puL 2x SDS loading buffer (100 mM
Tris—HCI pH 6.8, 4% SDS, 20% glycerol, 0.1% bromophenol blue,
and 200 mM DTT) for separation by SDS-polyacrylamide gel electro-
phoresis (PAGE) and Western blotting using standard procedures.
0.5% of total lysates and 22.5% of IP elutions were loaded for analyses.

TTP-IP and liquid chromatography/tandem
mass spectrometry (LC-MS/MS)

Twenty-four micrograms of rabbit anti-TTP (Sigma-Aldrich, T5327)
or normal rabbit serum were incubated with 50 mg of protein A
Sepharose CL-4B beads (Fisher) overnight in 1.2 mL NET2.
RAW?264.7 cells were treated with 100 ng/mL of lipopolysaccharides
(LPS) for indicated lengths of time (0, 2, 4, 8, or 24 h). For each time
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point, three 15-cm plates of cells were lysed with 4 mL hypotonic gen-
tle lysis buffer, treated with RNase A and adjusted to 150 mM NaCl as
described above for coimmunoprecipitation assays, added to protein
A Sepharose-coupled antibodies, and washed. Beads were then eluted
three times with 500 pL 0.1 M glycine pH 2.6. Eluants were pooled
and mixed with 20% trichloroacetic acid (TCA) at —20°C overnight.
After thawing on ice, protein samples were centrifuged at 21,130¢ for
30 min at 4°C. Pellets were then washed with 10% TCA and three
times —20°C prechilled acetone, spinning at 4°C (21,130g) for
15 min between washes. Pellets were air-dried and stored at —80°C.
LC-MS/MS was performed as described previously (Erickson et al.
2015), with one biological and triplicate technical repeats.

Bacterial protein purification and in vitro
pull-down assays

For bacterial expression of mouse TTP, GYF2, and 4EHP, corre-
sponding pET-his or pGEX-4T1 plasmids were transformed into
E. coli BL21(DE3) cells containing the pRI952 plasmid encoding
rare arginine and isoleucine tRNAs (Nielsen et al. 1999). Bacteria
were cultured in 200 mL LB broth medium at 37°C to ODg, of
0.5, and then transferred to lower temperature and induced with iso-
propyl B-p-1-thiogalactopyranoside (IPTG). IPTG concentration,
temperature, and time of incubation differed for individual proteins
as follows: GST: 0.1 mM IPTG, 15°C, 16 h; GST-TTP: 0.3 mM
IPTG, 25°C, 3 h; GST-TTP-12S: 0.1 mM IPTG, 15°C, 16 h; Hise-
GYF2: 0.4 mM IPTG, 15°C, 8 h; Hisg-4EHP: 0.1 mM IPTG, 15°C,
16 h. Cells were pelleted at 2300¢g for 10 min, resuspended in
5 mL TKET buffer (10 mM Tris=HCI pH 7.5, 100 mM KCl,
0.1 mM EDTA, 0.05% Triton X-100) with 1 mM PMSF, sonicated
at 4°C for 8 x 30 sec, with 30-sec intervals, added Triton X-100 to
0.5%, nutated for 15 min, and centrifuged at 11,000g for 15 min
to remove debris. Supernatant was then allowed to flow through col-
umns of 700 pL glutothinone Sepharose 4B (GE) or 700 uL Ni-NTA
agarose beads (Qiagen) twice. Columns were then washed three
times with 4 mL of TKET, and eluted with 500 uL of Tris—HCI
pH 7.5 with 100 mM KCl and 20 mM glutathione for GST proteins
or 500 L of TKET containing 200 mM imidazole for Hiss-4EHP.
Elutants were dialyzed overnight at 4°C against 400 mL of PBS,
and protein concentration was measured using a Bradford-based
Bio-Rad Protein Assay system and freshly made bovine serum albu-
min (BSA) standards. Hiss-GYF2 was purified under denaturing
conditions, following the same steps, except lysis buffer is changed
to TKET containing 1 mM PMSF, 20 mM imidazole, and 6 M gua-
nidine-HCI; cells were incubated at room temperature for 30 min
for lysis instead of sonication; wash buffer is changed to TKET con-
taining 8 M urea and 20 mM imidazole; elution buffer is changed to
TKET containing 8 M urea and 200 mM imidazole

For in vitro pull-down assays, 5 pg Hiss-GST or GST-TTP were
nutated with 25 pL of glutathione Sepharose for 2 h at 4°C, washed
three times with TKET, and then nutated with 5 ug of Hiss-4EHP
and/or Hisg-GYF2 in 500 puL TKET at 4°C. After 2 h, beads were
washed four times with 700 pL TKET, and resuspended in 2x SDS
loading buffer, to be analyzed by SDS-PAGE and Western blotting.

Luciferase assays

MEFs were plated at £20% confluency in 22-mm-diameter tissue
culture wells in 1 mL DMEM/10% FBS. Twenty-four hours later,
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0.2 pg pcDNA3-myc-F-Luc-ARE, 0.05 ug pcDNA3-myc-R-Luc, 0.3
ug pSuper.puro (OligoEngine), 0.4 ug pcDNA3-myc, and 0.05 pg of
Flag-tagged TTP wild-type or mutant constructs were transfected by
TransIT-X2 following manufacturer’s protocols (Mirus). Twenty-
four hours later, 5 pg/mL of puromycin was added for another
24 h to select for transfected cells. Cells were then lysed in 250 pL
of 1x Passive Lysis Buffer (Promega) for 20 min at room tempera-
ture and 10 pL of each lysate was assayed for firefly and Renilla lu-
ciferase activities using Dual-Luciferase Reporter Assay (Promega)
reagents in a NOVOstar microplate reader. In the experiments
shown in Figure 4C, 0.3 pg of pcDNA3-Flag or 0.15 ug pcDNA3-
Flag-4EHP and 0.15 pg pcDNA3-Flag-GYF2 were cotransfected in-
stead of TTP constructs. P-values were calculated with two-tailed
paired Student’s #-test.

Quantitative qRT-PCR

Three micrograms of total RNA prepared from cells using TRIzol
(Invitrogen) was treated with 0.1 U/uL DNase I (Invitrogen
AM2222) in 20 pL RNase-free H,O (Ambion) with 2 U/uL
RNaseOUT (Invitrogen) at 37°C for 30 min. RNA was subsequently
extracted with phenol:chloroform:isoamyl alcohol (50:49:1), etha-
nol precipitated, washed with 70% ethanol, and dissolved in 15 pL
of RNase-free H,O. One microgram of the DNase-treated RNA
was reverse-transcribed using random hexamers with Superscript
III according to manufacturer’s protocols (Invitrogen). The corre-
sponding ¢cDNA was used for qPCR quantification using Fast
SYBR Green Master Mix (Applied Biosystems) on a StepOnePlus
System (Applied Biosystems). For each qRT-PCR reaction, fivefold
serial dilutions of cDNA were used to calculate PCR efficiency (E),
and standard curve of logo of dilution factor versus C, (threshold
cycle) was plotted to determine the linear range of C, values. For
E ranged between 1.8 and 2.1, and C; within the linear range, relative
mRNA levels were calculated with the formula E-2%. Non-RT con-
trols were monitored to confirm DNase treatment was complete.
The following DNA oligos were used (at 285 nM). F-Luc_F:
CTTCGCCAAAAGCACTCTG; F-Luc_R: GAGCCCATATCCTTG
TCGTATC; R-Luc_F: TGGAGCCATTCAAGGAGAAG; R-Luc_R:
TGTAGTTGCGGACAATCTGG; TTP-F: CGGAGGACTTTGGAA
CATAAAC; TTP-R: GGAGTTGCAGTAGGCGAAGTAG; GAPD
H_F: CATGGCCTTCCGTGTTCCTA; GAPDH_R: CCTGCTTC
ACCACCTTCTTGA T; IER3_F: GCGCGTTTGAACACTTCTCG;
IER3_R: CAGAAGATGATGGCGAACAG; CXCL10_F: CTAGCT
CAGGCTCGTCAGTTC; CXCLI10_R: TGGGAAGATGGTGGTTA
AGTTC; CSF2_F: TGAACATGACAGCCAGCTACTAC; CSF2_R:
ACTTGTGTTTCACAGTCCGTTTC; FOS_F: GAATGGTGAAGA
CCGTGTCAG; FOS_R: GTCTCCGCTTGGAGTGTATC; HIST2H
2AA_F: AAGCTGCTGGGCAAAGTG; HIST2H2AA_R: ACTTGC
CCTTCGCCTTATG.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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