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Multiple tristetraprolin sequence domains required to induce apoptosis and
modulate responses to TNFa through distinct pathways
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Expression of the immediate early protein tristetraprolin
(TTP) is induced by numerous stimuli, including tumor
necrosis factor-alpha (TNFa). Evidence indicates that
TTP limits production of TNFa and other cytokines by
directly binding and destabilizing their mRNAs. This
eect seems to require only the conserved TTP zinc
®nger region, and is characteristic of the related proteins
TIS11b and TIS11d. TTP, TIS11b, and TIS11d each
also induce apoptosis through the mitochondrial pathway
analogously to certain oncogenes, suggesting that they
in¯uence growth or survival signals. Among TTP/TIS11
proteins, TTP alone also promotes apoptosis synergistically with TNFa. Here we show that other regions of
TTP along with the zinc ®ngers are required for TTP to
induce apoptosis. We also demonstrate that TTP acts
through an additional pathway to sensitize cells to the
pro-apoptotic stimulus of TNFa. This modulation of TNFa
responses speci®cally requires the TTP N-terminal
region, which is not conserved in TIS11b or TIS11d.
We conclude that the physiological functions of TTP
depend upon multiple regions of the TTP protein, that
TTP has diverged functionally from TIS11b and TIS11d,
and that modulation of TNFa responses may be a unique
and important aspect of TTP function.
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Introduction
Tristetraprolin (TTP; also Nup475 and TIS11) is an
immediate-early protein that is expressed transiently in
response to numerous extracellular agents, including
the cytokine TNFa (Carballo et al., 1998; DuBois et
al., 1995; Lai et al., 1990; Varnum et al., 1989). In
mice, disruption of the TTP gene causes a general
in¯ammatory and arthritic syndrome which is
mediated largely by TNFa, and is associated with
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increased levels and half-life of the TNFa mRNA
(Carballo et al., 1997; Taylor et al., 1996a). The
localization, stability, and translation of TNFa and
other cytokine mRNAs are regulated through an AUrich element (ARE) that is located within their
respective 3' untranslated regions, and responds to
multiple signaling pathways (Chen and Shyu, 1995;
Dumitru et al., 2000; Kontoyiannis et al., 1999, 2001;
Kotlyarov et al., 1999; Rutault et al., 2001; Vasudevan
and Peltz, 2001; Winzen et al., 1999). TTP binds
directly to the AREs of TNFa and other cytokine
mRNAs in vitro, and in transfection assays TTP acts
through the ARE to destabilize these mRNAs
(Carballo et al., 1998, 2000; Chen et al., 2001; Lai
et al., 1999; Mahtani et al., 2001; Ming et al., 2001;
Raghavan et al., 2001). These ®ndings suggest that
TTP modulates cytokine production through direct
ARE-dependent mRNA destabilization (Carballo et
al., 1998, 2000; Lai et al., 1999).
TTP and the related proteins TIS11b and TIS11d
(TTP/TIS11 proteins) consist of two conserved
tandem Cys-X8-Cys-X5-Cys-X3-His (CCCH) zinc
®ngers, along with divergent N- and C-terminal
regions (Figure 1a,c). Other CCCH zinc ®nger
proteins have been implicated in control of mRNA
transcription, processing, or translation (Bai and
Tolias, 1996; Barabino et al., 1997; Batchelder et
al., 1999; Guedes and Priess, 1997; Tabara et al.,
1999; Tenenhaus et al., 2001; Zuo and Maniatis,
1996). In transfection assays, the TNFa mRNA is
bound, deadenylated, and apparently destabilized by
all three TTP/TIS11 proteins and, surprisingly, by a
77 amino acid TTP fragment that contains the TTP
zinc ®nger region (Lai et al., 2000). These last
®ndings raise the question of whether other regions
of the TTP protein contribute to essential aspects of
its physiological functions.
Other evidence suggests that TTP has additional
functions besides in¯uencing cytokine mRNA stability. A wide variety of growth factors and mitogens
induce transient TTP expression in numerous cell
types, and in mice TTP is expressed in regenerating
small intestine, liver, and lung, as well as in
hematopoietic tissues (Carballo et al., 1998; DuBois
et al., 1995, 1990; Ehrenfried et al., 1995; Heximer
and Forsdyke, 1993; Landesberg et al., 2001;
Nakajima and Wall, 1991; Taylor et al., 1996a;
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Figure 1 Mutagenesis analysis of TTP. (a) Diagram showing the percentage identity between dierent regions of mouse TTP/
TIS11 proteins and human TTP (hTTP, or GOS24 (Heximer and Forsdyke, 1993)). The CCCH zinc ®nger regions are represented
in red. Blue and orange denote the N and C terminal regions respectively. (b) TTP mutants. Red boxes indicate the CCCH zinc
®ngers, and each cross in mutant M1,2 indicates the substitution of a critical zinc ®nger cysteine with serine (Johnson et al., 2000).
Blue and orange boxes represent the 23 and 21 amino acids at the TTP N- and C-termini, respectively, against which anti-peptide
antibodies were raised (nTTP and cTTP). Amino acids present in each construct are indicated in parentheses, except that TTP(NZn) and TTP(Zn-C) also include the 21 C-terminal amino acids to allow detection with cTTP. (c) Comparison of the zinc ®nger
regions of mouse TTP/TIS11 proteins (TTP, TIS11b and TIS11d; Genbank accession numbers P22893, P23950 and P23949,
respectively) with those of their closest relatives in D. melanogaster (DTIS11; P47980), C. elegans (F38b7.1; T21955) and S.
cerevisiae (CTH1; S57977 and CTH2; P47977). Sequence similarities to mouse TIS11b (Clustal method) are boxed. Signature
residues that de®ne vertebrate TTP, TIS11b, and TIS11d proteins (Lai et al., 2000) are shown in red, purple and green, respectively.
Positions are numbered as in the full-length proteins

Varnum et al., 1991). TTP expression is also induced
during responses to some apoptotic stimuli, including
BRCA1 expression and withdrawal of growth factors
from neuronal cells (Haas et al., 1993; Harkin et al.,
1999; Mesner et al., 1995; Mittelstadt and DeFranco,
1993). We have determined that continuous expression of each TTP/TIS11 protein induces various
primary and transformed cell types to undergo
apoptosis (Johnson et al., 2000). This response
depends upon the mitochondrial apoptosis pathway
and is enhanced by growth factor deprivation,
analogously to cell death induced by c-Myc, E1A,
and certain other oncogenes. These observations
together suggest that TTP in¯uences growth or
survival pathways, and that TTP, like some other
immediate early genes, may have a physiological role
in apoptosis induction (Johnson et al., 2000).
When TTP is expressed at levels that are insucient
to cause widespread cell death, it induces apoptosis
synergistically with TNFa (Johnson et al., 2000).
Synergistic induction of apoptosis in combination
with TNFa is also a property of the immediate-early
oncoprotein c-Myc, the pro-apoptotic factor E2F-1,
and the adenovirus oncogene E1A (Chen et al., 1987;
Janicke et al., 1994; Klefstrom et al., 1997; Phillips et
al., 1999). In striking contrast to TTP however,
neither TIS11b nor TIS11d act synergistically with
TNFa (Johnson et al., 2000). This is the only
functional dierence that has been identi®ed among
TTP/TIS11 proteins, suggesting that this synergy
between TTP and TNFa may re¯ect a physiological
Oncogene

function carried out by TTP alone. TNFa causes
apoptosis by binding to its Type I receptor and
activating caspase 8, an apoptotic stimulus that under
certain circumstances can be ampli®ed by activation of
the mitochondrial apoptosis pathway (Green, 2000).
Simultaneously, TNFa stimulates pathways that
promote cell survival, proliferation, and activation
(Baker and Reddy, 1996; Green, 2000). To understand
how TTP and TNFa act synergistically, it is essential
to determine whether TTP and TNFa simply
cooperate to activate the mitochondrial apoptosis
pathway, or whether TTP in¯uences the balance
between the survival and apoptotic stimuli of TNFa.
In this study, we have investigated how dierent
regions of the TTP protein contribute to apoptosis
induced solely by TTP expression, and by TTP acting
in conjunction with TNFa. We ®nd that the TTP
zinc ®nger region fails to induce apoptosis independently of either the N- or C-terminal regions,
suggesting that multiple regions of the TTP protein
are critical for its functions in vivo. We have also
determined that TTP and TNFa induce apoptosis
synergistically independently of mitochondrial involvement, indicating that TTP induces apoptosis on its
own and modulates responses to TNFa through
distinct pathways. Finally, both the zinc ®nger and
unique N-terminal regions of TTP are required to
sensitize cells to the apoptotic stimulus of TNFa,
suggesting that this activity of TTP re¯ects a speci®c
functional divergence between TTP and other TTP/
TIS11 proteins.
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Results
Multiple regions of TTP are required for its induction of
apoptosis
The only predicted functional domains within TTP are
its tandem zinc ®ngers, but outside of these elements
TTP is highly conserved between mouse and human
(Figure 1a). This similarity suggests that other regions
of TTP in addition to the zinc ®ngers are likely to be
important for TTP functions in vivo, and may be
required for TTP to induce apoptosis. To test this
model, we constructed a series of TTP truncation
mutants by dividing the protein into N-terminal, zinc
®nger and C-terminal regions, and retaining overlapping sequences to minimize possible disruption of
functional elements (Figure 1b). For example, the 98
amino acid TTP(Zn) mutant contained ¯anking
residues on both sides of the two CCCH zinc ®ngers.
We then assayed these TTP mutants for induction of
apoptosis by transfecting them into 3T3 cells as
described previously (Johnson et al., 2000).
When expressed continuously by transfection, TTP
induces cell death that is associated with TUNEL
positivity and pyknotic nuclei, and is inhibited by Bcl-2
co-expression, indicating apoptosis that is dependent
upon the mitochondrial pathway (Figure 2a; not
shown) (Johnson et al., 2000). The levels at which
TTP is expressed under these conditions overlap with
levels to which endogenous TTP is induced transiently
in response to extracellular stimuli (Johnson et al.,
2000). In addition, signi®cant apoptosis is associated
with low level expression of TTP, suggesting that this
cell death derives from continuous presence of TTP
and does not require excessive TTP expression
(Johnson et al., 2000). Induction of apoptosis by TTP
was nearly abrogated by point mutation of both zinc
®ngers (M1,2; Figure 2b), as noted previously (Johnson
et al., 2000), and was reduced but not eliminated by
deletion of either the N- or C- terminus (TTP(N-Zn)
and TTP(Zn-C), respectively, Figure 2b). Like TTP,
both TTP(N-Zn) and TTP(Zn-C) triggered apoptosis
that could be inhibited by Bcl-2, suggesting dependence
on the mitochondrial pathway (Figure 2a). As observed
previously for TTP (Johnson et al., 2000), in each case
cell death was also attenuated by the caspase inhibitor
CrmA, suggesting that death receptors may be
involved. In contrast, the TTP zinc ®ngers on their
own were incapable of inducing apoptosis (TTP(Zn);
Figure 2b), even when a 10-fold greater amount of
expression vector was introduced (not shown).
We veri®ed expression of these TTP mutants by
Western blotting, and by similarly analysing fusion
proteins in which TTP mutants were linked at their Nterminus to green ¯uorescent protein (GFP). Analysis
with an antibody against the TTP C-terminus (cTTP)
indicated that TTP, TTP(C), TTP(Zn-C), and M1,2
were expressed at comparable levels (Figure 2c, lanes 1
and 4 ± 6). Multiple lines of evidence indicated that the
TTP(Zn) and TTP(N-Zn) mutants were also expressed
comparably but were not eectively detected by cTTP,

presumably because the cTTP epitope is not eciently
recognized when it is present ectopically near the zinc
®nger region (Figure 2c, lanes 2 and 3). Parallel
analysis with an antibody against the TTP N-terminus
(nTTP) revealed that TTP(N-Zn) was actually produced at somewhat higher levels than TTP (Figure 2c,
lanes 7 and 8). By both Western blotting and
immuno¯uorescence, cTTP detected TTP(Zn) but not
TTP(N-Zn) (Figure 2c, lanes 2 and 3; Figure 3b; not
shown), indicating that TTP(Zn) was expressed at
higher levels. Finally, analysis with a GFP antibody
revealed that in this transfection assay, GFP-TTP(Zn)
was expressed more robustly than either GFP-TTP or
GFP-TTP(Zn-C) (Figure 2e, lanes 1 ± 3; bottom panel).
Like their non-tagged counterparts, GFP-TTP(Zn-C)
and GFP-TTP each induced signi®cant apoptosis, and
GFP-TTP(Zn) failed to induce signi®cant cell death
(Figure 2d). Together, our ®ndings demonstrate that
the N- and C-terminal regions of TTP, in addition to
its zinc ®ngers, are each important for induction of
apoptosis.
The failure of the TTP(Zn) truncation mutant to
induce apoptosis could derive from its being mislocalized to a dierent cellular compartment from TTP
mutants that are active in this assay. To address this
possibility, we used immuno¯uorescence to investigate
how TTP mutants are localized within transfected 3T3
cells (Figure 3a,b). It has been reported that in
hematopoietic cell lines TTP is present primarily in
the cytoplasm, and that in quiescent ®broblasts TTP is
largely nuclear, but is localized to the cytoplasm upon
treatment with growth factors (Taylor et al., 1995,
1996b). Consistent with these observations, in nearly
all transfected cycling 3T3 cells TTP staining was either
predominantly cytoplasmic, or was distributed in a
generalized fashion (Figure 3a,b). Mutation of the zinc
®ngers decreased the fraction of cells in which TTP was
localized solely within the cytoplasm (M1,2, Figure
3a,b), indicating that the functional integrity of the zinc
®ngers is important for the normal distribution of TTP
within the cell. TTP(N-Zn), TTP(Zn-C), and TTP(Zn)
were each localized predominantly to the nucleus (64,
97, and 96% nuclear respectively; Figure 3a,b), but
while TTP(N-Zn) and TTP(Zn-C) induced apoptosis,
TTP(Zn) did not (Figure 2b,d). The ®nding that
TTP(Zn) and TTP(Zn-C) diered dramatically in
induction of apoptosis but were localized similarly
(Figures 2a,d; 3a,b) suggests that the inactivity of
TTP(Zn) in this assay does not derive simply from its
localization within the cell.
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TTP sensitizes cells to TNFa-induced apoptosis through a
different mechanism
Among the three TTP/TIS11 proteins, a single
functional dierence has been identi®ed: only TTP
induces apoptosis synergistically with TNFa (Johnson
et al., 2000). Because this functional synergy is a
speci®c property of TTP, it would be predicted to
require sequences that vary among TTP/TIS11 proteins. In vertebrates, TTP, TIS11b, and TIS11d can be
Oncogene

TTP-Induced apoptosis and sensitization to TNFa
BA Johnson and TK Blackwell

4240

Figure 2 Multiple regions of TTP are necessary to induce apoptosis. (a) Inhibition of TTP-induced cell death by Bcl-2 and CrmA.
Cells were transfected with 200 ng of constructs that expressed the indicated TTP mutants (Figure 1b), along with 100 ng of b-gal
reporter and either 200 ng of Bcl-2 or 1.7 mg of CrmA vector, using Lipofectamine and 2 mg total DNA. After 24 h, cells were X-gal
stained and the percentage of apoptotic blue cells was determined. Bars represent the mean of four wells and error bars represent the
standard deviation. (b) Apoptosis induced by TTP mutants. 3T3 cells were transfected and assayed for apoptosis as in a. (c) Western
blot showing TTP expression levels in a duplicate of the experiment in b. Molecular weights and a background band are indicated to
the left of the gel. cTTP and nTTP indicate the antibodies used for detection. Lanes 7 and 8 are derived from the same lysates as
lanes 1 and 2, respectively. (d) Induction of apoptosis by GFP-tagged TTP proteins (green), compared to their untagged
counterparts (red), assayed as in b. Each bar represents the mean of 2 wells. (e) TTP expression in a duplicate of the experiment in
d, assayed using cTTP and GFP antibodies as in c. The lower GFP-TTP(Zn) band in lane 2 (bottom) presumably corresponds to a
breakdown product

distinguished from each other by amino acids within
their respective zinc ®nger regions (Lai et al., 2000)
(Figure 1c), but these proteins are far more divergent
within regions that ¯ank the zinc ®ngers (Figure 1a).
We have used the TTP deletion mutants shown in
Figure 1b to determine whether these divergent
¯anking regions are required for TTP to act
synergistically with TNFa.
Oncogene

As reported previously, when TTP was expressed at
levels that cause only modest apoptosis, treatment with
low concentrations of TNFa resulted in a signi®cant
increase in cell death (Figure 4a). In contrast, the
TTP(Zn) and M1,2 mutants (Figure 1b) each failed to
synergize with TNFa to induce apoptosis (Figure 4a).
No signi®cant TNFa-dependent apoptosis occurred
when TTP(Zn) was expressed at much higher levels
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Figure 3 Subcellular localization of TTP mutants. (a) 3T3 cells
were transfected as in Figure 2a with 200 ng of the indicated TTP
mutant expression vector (Figure 1b), along with 200 ng of Bcl-2
vector to prevent apoptosis, then after 24 h were ®xed and stained
with the indicated TTP antibody. A representative experiment is
shown. The subcellular localization of these various TTP mutants
was generally comparable over a wide range of expression levels
(not shown). (b) Representative cells in which TTP mutants were
localized as classi®ed in a, at 1006magni®cation. Antibodies used
for staining are indicated to the right, and a box surrounds views
of two ®elds from the same TTP sample. Endogenous TTP is not
detectable in these continuously dividing cells (not shown)

(Figure 4c,d), further supporting the idea that the TTP
zinc ®ngers are necessary but not sucient for this
eect. TTP(Zn-C) similarly failed to promote TNFadependent apoptosis (Figure 4a), even when it was
expressed at levels that caused signi®cant apoptosis in

the absence of TNFa (Figure 4c,d). In striking
contrast, TTP(N-Zn) was reproducibly comparable to
TTP in promoting TNFa-dependent apoptosis (Figure
4a,c,d; not shown). When activation of survival factors
by TNFa was suppressed by cycloheximide, low
concentrations of TNFa induced rapid apoptosis in
TTP-expressing cells (Figure 4b). In the presence of
cycloheximide, TNFa treatment similarly caused rapid
apoptosis of cells that expressed TTP(N-Zn), but
TTP(Zn-C) was only marginally active (Figure 4b).
We conclude that the TTP N-terminal and zinc ®nger
regions are together speci®cally required for TTP to
promote apoptosis synergistically with TNFa.
TTP and TNFa could induce apoptosis synergistically by acting together through the mitochondrial
apoptosis pathway, which is required for TTP/TIS11
proteins to induce cell death independently of TNFa
(Johnson et al., 2000). Alternatively, and of greater
potential signi®cance, TTP could in¯uence the apoptotic or survival signaling pathways that are activated
directly by TNFa. Both models predict that apoptosis
derived from the synergistic eects of TTP and TNFa
should be attenuated by CrmA, which inhibits cell
death that occurs in response to either TNFa or TTP
(Figure 2a) (Nakajima and Wall, 1991; Ray et al.,
1992). Accordingly, CrmA suppressed TNFa-dependent apoptosis in cells that expressed either TTP or
TTP(N-Zn) (Figure 5a,b). If the synergistic eects of
TTP and TNFa are mediated through the mitochondrial apoptosis pathway, the resulting synergistic
increase in cell death should also be inhibited by Bcl2, which robustly suppresses apoptosis caused by either
TTP or TTP(N-Zn) alone (Figure 2a). In striking
contrast, Bcl-2 expression failed to inhibit cell death
caused by the synergistic eects of TTP or TTP(N-Zn)
together with TNFa (Figure 5a,b). This last ®nding
suggests that the mitochondrial pathway is not
required for TTP and TNFa to induce apoptosis
synergistically, implying that this cell death is caused
by direct caspase activation by TNFa. We conclude
that TTP sensitizes cells to this apoptotic stimulus,
presumably by aecting signaling pathways directly
downstream of TNFa (Figure 6).
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Discussion
Multiple TTP domains are required for its functions
Dose-response transfection studies suggest that the
TTP zinc ®nger region can independently bind and
destabilize the TNFa mRNA (Lai et al., 2000). This
indicates that the remainder of the TTP protein might
not be essential for its functional activity, but may
instead play regulatory roles. In apparent contrast, we
have observed that the isolated TTP zinc ®nger region
fails to induce apoptosis or to sensitize cells to the
apoptotic stimulus of TNFa (Figures 2 and 4).
Multiple lines of evidence indicate that the inactivity
of the TTP zinc ®nger region fragment that we
analysed (TTP(Zn)) did not derive from inappropriate
Oncogene
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Figure 4 The TTP N-terminal and zinc ®nger regions are required to induce apoptosis synergistically with TNFa. (a) Both TTP
and TTP(N-Zn) act synergistically with TNFa. A representative experiment in which 3T3 cells were transfected with 25 ng of the
indicated TTP expression or CS2 control vector along with 100 ng of b-gal reporter plasmid, using Lipofectamine Plus and 1 mg
total DNA. TNFa was added to the indicated concentrations after 3 h, then after an additional 21 h cell death was assayed as in
Figure 2a. Each point is the mean of four wells in a typical experiment. The increase in mean percentage apoptosis associated with
exposure to 1 ng ml71 TNFa is de®ned as `synergy,' and is indicated on the right for each transfected protein. For TTP, this
apoptosis synergy varied between 15 and 33% over several experiments (not shown). (b) Rapid synergistic induction of apoptosis by
TTP and TNFa when protein synthesis is inhibited. Twenty-four hours after cells were transfected as described in a, they were
incubated in TNFa and cycloheximide (10 mg ml71) for 4 h, then assayed for apoptosis. (c) TTP(Zn) and TTP(Zn-C) do not
promote apoptosis synergistically with TNFa, even when expressed at higher levels. Transfections were performed and analysed as
in a, but with the indicated amounts of expression plasmid. (d) Increase in apoptosis associated with addition of TNFa, determined
as in a, for each transfection shown in c

Figure 5 TTP sensitizes cells to the apoptotic stimulus of TNFa independently of the mitochondrial pathway. (a) TTP promotes
Bcl-2-resistant apoptosis in response to TNFa. Transfections were performed and assayed for cell death as in Figure 4a, except that
either 100 ng of Bcl-2 or 875 ng of CrmA expression vector was added as indicated. (b) Apoptotic synergy between TNFa and TTP
is inhibited by CrmA, but not Bcl-2. The percentage increase in apoptosis associated with TNFa addition is graphed for each data
set described in a (CS2, TTP, TTP(N-Zn))

folding or other artifactual eects. Firstly, TTP(Zn)
included the entire 77 amino acid TTP fragment that
binds and acts on the TNFa mRNA (Lai et al., 2000).
In addition, the presence of the TTP N- or C-terminal
Oncogene

region along with the zinc ®ngers partially restored
apoptotic activity (Figure 2b,d). Finally, the TTP(ZnC) mutant robustly induced apoptosis, indicating that
it is functional, but it did not sensitize cells to TNFa-
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Figure 6 Diagram illustrating how TTP in¯uences apoptosis signaling pathways. TTP induces apoptosis through the
mitochondrial pathway, which is inhibited by Bcl-2 (Johnson et al., 2000). This eect requires that either the TTP N- or Cterminal regions be present in addition to the zinc ®ngers, and is reduced by deletion of either of these regions (Figure 2). When
TTP is expressed at lower levels, treatment with modest concentrations of TNFa induces apoptosis that is resistant to Bcl-2 but
sensitive to CrmA (Figure 5), implying that this cell death derives from direct apoptotic signaling by TNFa (Green, 2000). This
eect of TTP on the response to TNFa speci®cally requires the TTP N-terminal region along with the zinc ®ngers (N-Zn; Figure 4).
Grey lines indicate that TTP may act downstream of TNFa either to (a) inhibit survival signals, or (b) enhance direct apoptotic
signals

induced apoptosis (Figure 2a,b, 4c,d). Our ®ndings
strongly suggest that regions of TTP outside of the zinc
®ngers are likely to be important for its functions in
vivo (Figure 1a).
Both the N- and C-terminal regions of TTP in¯uence
its localization within the cell. TTP(Zn) was present
predominantly in the nucleus, and the N- and Cterminal regions were each required for normal
localization of TTP to the cytoplasm (Figure 3). After
submission of this manuscript, it was reported that the
entire C-terminal region of TTP is dispensable for its
localization to the cytoplasm (Phillips et al., 2002). One
possible explanation for this discrepancy is that the
latter ®nding was obtained using GFP-TTP fusion
proteins. We have observed that fusion of GFP to its
amino terminus abrogates the eects of TTP on TNFa
responses, and generally enhances the cytoplasmic
localization of the various TTP mutants we have
analysed (not shown). Apparently, the presence of
GFP at its amino terminus interferes with or masks
eects of some functional elements within TTP.
Because we did not observe a strict correlation between
induction of apoptosis and subcellular localization of
TTP (Figures 2b and 3a), we conclude that the TTP Nand C-terminal regions are not required simply to
localize the TTP zinc ®ngers, but are involved in
interactions or signals that are important for TTP

activity. Consistent with this view, expression of TTP
zinc ®nger mutants that lack RNA binding activity
stabilizes ARE-containing mRNAs, suggesting that
these mutants may act as dominant negatives (Lai et
al., 2002). In addition, phosphorylation of TTP within
regions outside of the zinc ®ngers not only in¯uences
TTP subcellular localization (Johnson et al., 2002), but
also may inhibit its activity in the cell (Carballo et al.,
2001; Zhu et al., 2001). The related C. elegans germline
protein PIE-1, which also contains two CCCH zinc
®ngers, provides a precedent for this apparent
functional complexity. Distinct but overlapping regions
of PIE-1 are required for its subcellular localization,
stability, and functions, which include acting in the
nucleus to inhibit transcription, and in the cytoplasm
to promote translation of particular mRNAs (Batchelder et al., 1999; Reese et al., 2000; Tenenhaus et al.,
2001).
The involvement of multiple regions of the TTP
protein in its pro-apoptotic eects is reassuring,
because it indicates that these eects do not derive
simply from forced expression of its RNA binding zinc
®nger region, and may re¯ect aspects of its physiological functions. Our ®ndings support the hypothesis
that TTP/TIS11 proteins have additional functions
besides cytokine mRNA destabilization, even though
TTP 7/7 mice lack obvious defects other than their
Oncogene
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characteristic in¯ammatory syndrome (Taylor et al.,
1996a). One possible model is that TTP in¯uences cell
survival through mechanisms that are largely redundant with other regulatory networks. How might TTP/
TIS11 proteins induce apoptosis? Various other CCCH
zinc ®nger proteins also regulate genes post-transcriptionally. In C. elegans, for example, multiple proteins
with two characteristic CCCH zinc ®ngers either
promote or inhibit translation (Guedes and Priess,
1997; Schubert et al., 2000; Tabara et al., 1999;
Tenenhaus et al., 2001). TTP/TIS11 proteins may
similarly in¯uence either stability or translation of
mRNAs that are critical for cell growth or survival. In
addition, in transfection assays TTP appears to
decrease transcription of numerous dierent genes
(Carballo et al., 1998; Zhu et al., 2001). This eect is
signi®cantly less prominent in 293 cells however
(Carballo et al., 1998), which are resistant to TTPinduced apoptosis (Johnson et al., 2000), raising the
question of whether this apparent broad `squelching' of
gene expression might be a cause or a consequence of
TTP-induced apoptosis.
TTP induces apoptosis and modulates responses to TNFa
through distinct mechanisms
TTP is unique among TTP/TIS11 proteins in that it
induces apoptosis synergistically with TNFa (Johnson
et al., 2000). Here we have determined that this
synergistic induction of cell death is not inhibited by
Bcl-2, which blocks induction of apoptosis by TTP/
TIS11 proteins in the absence of TNFa (Johnson et al.,
2000) (Figure 2a). This ®nding suggests that TTP and
TNFa induce apoptosis synergistically independently of
the mitochondrial pathway, and implies that TTP
sensitizes cells to the direct apoptotic stimulus of TNFa
(Figure 6). Further supporting the model that TTP
induces apoptosis and sensitizes cells to TNFa through
dierent mechanisms, although both the TTP(N-Zn)
and TTP(Zn-C) mutants can induce apoptosis through
the mitochondrial pathway, only TTP(N-Zn) acts
synergistically with TNFa (Figures 2a, 4 and 6). Since
the zinc ®ngers are relatively conserved among TTP/
TIS11 proteins (Figure 1a,c), it appears likely that the
more divergent 92 residue N-terminal region of TTP
mediates interactions that are essential for its unique
in¯uence on TNFa responses. We conclude that TTP
(but not TIS11b or TIS11d) alters the balance between
the survival and death signals induced by TNFa
(Figure 6), most likely by aecting expression of a
component or end-product of these signaling pathways.
Transfection and in vitro studies strongly support the
model that TTP limits production of TNFa and other
cytokines by directly binding and destabilizing their
mRNAs (Carballo et al., 1998, 2000; Chen et al., 2001;
Lai and Blackshear, 2001; Lai et al., 1999, 2000). TTP
may act on the TNFa mRNA through more than one
mechanism however, because at some expression levels
TTP appears to stabilize particular TNFa mRNA
species (Lai et al., 1999). In addition, although both
TIS11b and TIS11d robustly bind and destabilize
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cytokine mRNAs in transfection assays (Lai et al.,
2000), they each fail to sensitize cells to the apoptotic
stimulus of TNFa (Johnson et al., 2000), indicating
that its in¯uence on TNFa responses is a highly speci®c
characteristic of TTP.
Individual orthologs of each TTP/TIS11 protein
appear to be conserved in vertebrates (Lai et al.,
2000), but not in C. elegans and Drosophila, which each
encode a single related protein that at some zinc ®nger
positions is more similar to TIS11b or TIS11d (Figure
1c). The two most closely related genes in S. cerevisiae
similarly do not each correspond directly to an
individual vertebrate TTP/TIS11 gene (Figure 1c).
These sequence relationships suggest that the three
TTP/TIS11 genes may have arisen from a common
ancestor speci®cally in vertebrates, and that TTP may
have diverged in tandem with specialized functions that
are re¯ected by its in¯uence on TNFa responses.
The unique eect of TTP on TNFa responses could
be important in vivo in multiple ways. Maturing
activated monocytes face a choice between NF-kBdependent survival and dierentiation, and death by
TNFa-induced apoptosis (Figure 6) (Pennington et al.,
2001). If TTP were involved in this decision in certain
hematopoietic lineages, its absence could result in some
in¯ammatory responses not being regulated appropriately. In addition, certain eects of TTP are consistent
with the speculative but intriguing possibility that TTP
might inhibit stress-activated protein kinase pathways.
These signaling pathways are induced by TNFa to
promote cell survival (Figure 6), and they enhance TNFa
mRNA translation and stability through the ARE
(Kontoyiannis et al., 2001; Rutault et al., 2001;
Vasudevan and Peltz, 2001; Winzen et al., 1999). By
inhibiting these stress-activated signals, TTP could
both enhance the apoptotic stimulus of TNFa, and
decrease TNFa mRNA stability or translation indirectly. In addition, it may be signi®cant that the stressactivated p38 pathway is required for induction of TTP
expression, but also phosphorylates TTP (Mahtani et
al., 2001), and thereby appears to decrease its RNA
binding anity and inhibit its activity in the cell
(Carballo et al., 2001; Zhu et al., 2001). These complex
relationships suggest that by acting post-transcriptionally on dierent target mRNAs, TTP may in¯uence
multiple interconnected feedback loops. Further elucidation of the mechanisms through which TTP induces
apoptosis and modulates TNFa responses may yield
important insights into how TTP in¯uences in¯ammatory events in vivo.

Materials and methods
Constructs
TTP regions shown in Figure 1b were introduced into the
CMV-based expression vector CS2+(Turner and Tjian, 1989)
by PCR (Pfu, Stratagene), with a Kozak consensus and ATG
added where appropriate. An N-terminal GFP fusion was
made by restriction cloning full length TTP from CS2TTP
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into C2eGFP (Clontech). N-terminal fusions of TTP deletion
mutants were restriction cloned into C3eGFP.
Transfections and cell death assays
Transfections were carried out as described (Johnson et al.,
2000), in 35 mm plates using Lipofectamine or Lipofectamine
Plus (Life Technologies) as indicated. Cell death was assayed
by co-transfection of a b-galactosidase reporter plasmid, and
examination of cell morphology after X-gal staining at 24 h
post-transfection (Johnson et al., 2000). Under a variety of
experimental conditions, the numbers of apoptotic cells
identi®ed by this method were reproducibly comparable to
those detected by scoring Hoechst-stained pyknotic nuclei
(not shown) (Johnson et al., 2000).
Western blotting, antibody production and immunofluorescence
Cells were lysed in 1% TritonX-100, 50 mM Tris pH 8,
150 mM NaCl, 1 mM MgCl2, 1 mM DTT, 10% glycerol,
CompleteTM protease inhibitors (Roche Pharmaceuticals),
1 mM Na Vanadate and 50 mM NaF (cell lysis buer). For

Western blotting, 100 mg of protein was used per lane
(Johnson et al., 2000). Mouse monoclonal anti-GFP (Zymed)
was used according to manufacturers directions. The nTTP
antibody was previously described as anti-TTP antibody
(Johnson et al., 2000). cTTP was raised (Cocalico Biologicals,
PA, USA) and anity puri®ed similarly, using a peptide
corresponding to the 21 C-terminal amino acids of TTP, with
a cysteine added N-terminally to allow conjugation. These
antisera were used at 1/5000 dilution. Immuno¯uorescence
was carried out as described (Johnson et al., 2000), with
200 ± 300 cells per slide counted for determination of TTP
localization.
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