
RESEARCH PAPER

Bi-phased regulation of the post-transcriptional inflammatory response by
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ABSTRACT
AU-rich elements (AREs) are cis-acting instability and translation inhibition elements that are present in
the 3ʹUTR of most inducible inflammatory mRNAs such as TNF and Cxcl2. mRNAs that contain AREs are,
by default, repressed and only transiently expressed in response to stimuli. They are targeted by the
inducible RNA-binding protein Tristetraprolin (TTP) which blocks their translation and facilitates their
decay, thereby contributing to the quick termination of their expression. The exogenous over-expression
of TTP in HEK293 cells can unexpectedly lead to the upregulation and extended expression of
a nanoLuciferase reporter that contains the ARE of TNF. Here we show that, a moderate downregulation
of the highly expressed endogenous TTP after LPS induction by siRNA in macrophages can lead to
a reduction in the release of TNF and Cxcl2. We propose that, in contrast to their canonical function, very
high levels of induced TTP at the onset of the inflammatory response can enhance the expression of
ARE-mRNAs at the post-transcriptional level, independently of phosphorylation status. As the inflamma-
tory response progresses, TTP levels diminish but they continuously regain their ability to reduce the
expression of ARE-mRNAs to reach a turning point of ‘optimal TTP level’ with a maximum ability to
repress ARE-mRNA expression. Below this level, a further reduction in TTP levels now leads to the loss of
canonical-TTP function resulting in increased ARE-mRNA expression. These novel findings should con-
tribute to the understanding of feedback loops that control the kinetics of the inflammatory response.
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Introduction

The innate inflammatory response is a cell-autonomous
process that involves the induction of the expression of
hundreds of genes in a highly regulated manner, both at
the amplitude and temporal levels. Many of the induced
pro-inflammatory genes are cytokines that are expressed
only transiently and this is achieved by an orchestrated
network of cellular signaling events that target the regula-
tory machineries of transcription and post-transcription
[1–3]. At the post-transcriptional level, mRNA instability
and translation is of particular importance for transient
expression, and this is often ensured by the activity of so
called AU-rich elements (AREs) that are located in the
3ʹUntranslated Regions (3ʹUTR) in the mRNAs of many
inflammatory cytokines including TNF and Cxcl2 [4–6].
By default, many AREs destabilize and repress the transla-
tion of cis-mRNAs, however, they can also respond to
inflammatory stimuli, by temporary stabilization of the
mRNA and ‘de-repressing’ its translation [7]. The signal
is mainly relayed by the p38 MAPK signaling module
which can be triggered by stress, inflammatory cytokines
or molecular patterns of common microbes such as LPS.
This phosphorylation-dependent signaling cascade leads to
the activation of the central element of the pathway, the
p38 kinase [8–10]. In turn, p38 can phosphorylate and
activate a number of downstream kinases including MK2

and MK3 [11–13]. The link between MK2 and target
mRNAs is the inducible ARE-binding and mRNA destabi-
lizing protein Tristetraprolin (TTP, also called ZFP36); it
is suggested that p38 and MK2 are both critical for effi-
cient expression but also the inhibition of TTP function
by direct phosphorylation [14–18]. The end result is the
amplification and prolongation of the inflammatory
response by stabilizing and enhancing the translation of
many cytokine and other ARE-mRNAs [6,19,20]

TTP is an immediate early gene and its own mRNA con-
tains an ARE which contributes to its low basal steady state
level, but can be strongly and transiently induced by inflam-
matory stimuli [21,22]. MK2 phosphorylates TTP at two
serine residues, S52 and S178, resulting in increased protein
stability but also its inhibition and accumulation in the cell
[14,15,23]. Phosphorylation can also control the cytoplasmic
and nuclear localization of TTP [23] and its binding to 14–3-3
proteins which regulates its association with stress granules
[24]. TTP itself does not possess nuclease activity; but, it acts
as a scaffold that links deadenylation, decapping, and exonu-
cleolytic decay complexes to ARE-containing mRNA [25].
The association of TTP with the scaffolding complex Not1-
Caf1 in the cytoplasm is also critical for its mRNA degrading
activity [10,26,27].

Lai et al have shown that exogenous overexpression of TTP
in HEK293 cells can, surprisingly, lead to the upregulation of
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TNF mRNA, a phenomenon that was attributed to an over-
expression artefact [28]. Here, and by comparing the levels
and effects of transfected and induced TTP in HEK293 and
RAW264.7 cells respectively, as well as by down-regulating
induced TTP in RAW264.7, we report that this observation
can be a physiological mechanism that regulates TTP activity.

Materials and methods

Vectors, antibodies, cells, taqman real-time PCR

The pcDNA3.1 vector was purchased from Life Technologies.
TTP expressing pCR3.1 vector was used previously [29], TTP-
AA mutant expressing vector was a kind gift from George
Stoecklein and was also used previously [15,24]. The nanolu-
ciferase and firefly reporter vectors were prepared by repla-
cing the GFP gene in RPS30-GFP with nanoluciferase and
firefly genes that were amplified by PCR (Promega) [30], the
ARE of TNF was inserted in the 3’UTR of RPS30-nLuc as
described previously [31]. Anti-TTP antibody was a kind gift
from Gilles Pages [32], β-actin antibody was purchased from
Sigma. TTP-Immunoprecipitation experiments and western
blots were performed using custom made affinity purified
TTP polyclonal antibody and against C-terminal end of TTP
PRRLPIFNRISVSE with Genscript. The specificity of the anti-
body was tested with TTP transfected lysates or LPS induced
lysates against pre-immune serum (Data not shown). HEK-
293 and RAW264.7 cell lines were purchased from ATCC.
Knock-out bone marrow derived macrophages were prepared
as described previously [15]. Taqman Real-time PCR probes
were ordered from applied Biosystems, the cycler used was
CFX60 from Biorad, the 2ˆ(–delta delta CT) relative quantifi-
cation method was used. The house keeping gene β-Actin was
Vic labelled and used for normalization and the taqman
probes for TNF, Cxcl2 and GAPDH were FAM labelled.

Transfection and nano-luciferase assays

0.5 × 106 HEK293 cells were seeded in 6 well culture plates.
The cells were transfected using Lipofectamine 2000
(Themofisher) with total amount of 700 ng of DNA that
contains 400 ng of the RPS30-nanoLuciferase reporter vectors
and increasing levels of TTP expressing vectors. Empty
pcDNA3.1 vector was added to keep total transfected DNA
at 700 ng for all transfection. Nanoluciferase assays were
performed using the kit and protocol of Promega. The levels
of transfected TTP in HEK293 cells were compared with
induced TTP in RAW 264.7 cells on western blots. Since
TTP should be induced by LPS in all RAW264.7 cells, the
transfection in HEK293 cells should be very high for a good
comparison. Therefore, we tested the efficiency of the trans-
fection protocol by transfecting 700 ng of gWIZ-GFP vector
(genlantis) into HEK293 cells and performed flow cytometry
to assess the transfection efficiency and it turned out to be
near complete (>96%).

For RAW264.7, 5 × 106 cells were seeded in a 10 cm plate
and transfected using Lipfectamine LTX with 4 µg nano-
Luciferase reporters along with 4 µg Firefly (FF) reporter
and 50 nM siRNAs that target TTP overnight (see below).

Next, the cells were split into 6 well plates and left for one
more day followed by treatment with 0.5 µg/ml LPS. Dual
Nano Luciferase assays were performed using the kit and
protocol of Promega.

TTP knockdown, LPS treatment, western blotting, ELISA,
reverse transcription

Three different siRNA reagents were used to target and down
regulate TTP expression. siTTP1, a single siRNA, was ordered
from Metabion and was used in a previous report CCUG
AGAAUCCUGGUGCU CAA [33]. siTTP2 and siTTP(4xPool)
were ordered from Dharmacon (Cat. Nb. A-041045–14-0005 and
E-041045–00-0005). siTTP 2 is also a single siRNA with the
following sequence CUUUGAGGCAGGGGUGUUU) while
siTTP(4xPool) contains 4 pooled siRNAs (1. UCCCCAU
CUUCAAUCGUAU, 2. CUUUGAGGCAGGGGUGUUU, 3.
CCCAAGUCUUCUGUUGUUU, and 4. GUAUUAAGAUU
UUAUAGUA). Two siRNA controls (scramble) were used:
SCR1; scramble siRNA that was previously used was ordered
from Metabion [34]. SCR2 siGENOME Non-Targeting siRNA
#1 from Dharmacon (Cat. Nb. D-001210–01-20). RAW264.7
cells were transfected with up to 100 nM siRNA using lipofecta-
mine LTX (Thermofisher) for 48 hours. For time course experi-
ments, equal number of cells (5 × 106) were seeded in 10 cm plates
and transfected for ~24 hours. Equal number of cells (5 × 105)were
then reseeded in 6well plates and left overnight. Next day, the cells
were treated with 0.5 µg/ml LPS for different time points. Aliquots
from the supernatants were taken for ELISA and the cells were
directly lysed in 2xSDS sample buffer (Invitrogen). Lysate were
sonicated to shear DNA and equivalent levels were loaded onto
SDS PAGE gel, blotted onto nylon membrane and screened with
TTP and β-Actin antibodies. TNF and Cxcl2 ELISA were per-
formed usingKits fromThermo Scientific followingmanufacturer
protocol.

For mRNA time course and mRNA stability experiments,
total mRNA was prepared using TRI reagent (Sigma-Aldrich).
Reverse transcription was performed using Superscript II and
Oligo-dT (Invitrogen). For mRNA stability experiments, cells
were treated with Actinomycin-D (10 µg/ml) to shut-off tran-
scription. After real time PCR, decay curves were plotted
using GraphPad Prism software.

mRNA immunopreciptation

Protein G–Sepharose beads (GE Health Science) were washed
4 times with NT2 buffer [50 mM Tris–HCl (pH 7.4), 150 mM
NaCl, 1 mM MgCl2 and 0.05% NP-40] then pre-coated with
30 µg anti-TTP for 2 hours at 4°C in 100 µl NT2. The beads
were washed with NT2 buffer and incubated (1 h, 4°C) with
300 µl lysates supplemented with 1 mM DTT and RNAseOut
(Invitrogen). Negative control IP was performed similarly
with nonspecific IgG mouse antibody. Total RNA was isolated
with TRI reagent followed by reverse transcription and real
time PCR. The level of bound ARE containing mRNA was
normalized against background levels of un-specifically bound
β-Actin mRNA.

310 L. MAHMOUD ET AL.



Results

Moderate expression levels of TTP upregulate the
expression of a TNF-ARE containing luciferase reporter

Overexpression of TTP can lead to the unexpected upregu-
lation of the ARE containing mRNA of TNF [28]. To
determine the minimal level of transfected TTP that loses
the ability to down regulate and becomes capable of upre-
gulating the expression of a TNF ARE containing mRNA,
we performed TTP transfection/titration experiments in
HEK293 cells. 400 ng of Nanoluciferase (nLuc) reporter
that contains the ARE of TNF in its 3ʹUTR (nLuc+ARE)
were co-transfected with increasing levels of a TTP expres-
sing vector (0, 1, 3, 5, 10, 20, 50 and 100 ng) (Fig. 1A, B).
All transfection mixes contained a total of 700 ng DNA by
addition of appropriate levels of empty pcDNA3.1 vector.
Transfected TTP led to a reduction in the expression of the
nLuci+ARE construct starting at even 1 ng of transfected
vector (~70% of level in control cells with no transfected

TTP), 3 ng led to significant further reduction (~37% of
control) and maximum reduction was at only 5 ng of
transfected TTP (~28% of control), at 10 ng the levels of
Luciferase started increasing but were still lower than in the
cells with no transfected TTP, ~50%. At 20 ng of trans-
fected TTP, the level of the Luciferase reporter was com-
parable to cells with no exogenous TTP transfection, at 50
and 100 ng of transfected TTP, reporter levels started to
increase to ~180 and 280% of control (Fig. 1B). TTP had
no effect on the expression of a non-ARE-reporter (nLuc)
in a parallel experiment indicating that the observed effect
is ARE-specific and thus post-transcriptional (Fig. 1A, B).
To test if physiologically induced TTP could have a similar
effect, we compared the transfected TTP levels from the
reporter assay in HEK293 cells with LPS induced TTP
levels in RAW264.7 mouse macrophages. Surprisingly,
transfected levels that were capable of enhancing ARE-
reporter expression (50 ng of transfected TTP vector)
were significantly lower than induced TTP two and four
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Figure 1. Moderate cellular levels of TTP and TTP-AA can upregulate the expression of an ARE containing reporter. (A) Schematic representation of reporter
vectors used in this study. The RPS30 promoter is constitutively active but non-inducible and suitable for the investigation of post-transcription; it drives the
expression of the nanoLuciferase reporter (nLuc). The control nLuc vector lack any ARE in its 3ʹUTR and in the nLuc+ARE vector has the ARE of TNF inserted in its
3ʹUTR. (B) In six-well culture plates 5 × 105 HEK293 cells were co-transfected with 400 ng of nanoLuciferase reporter vector that contains the ARE of TNF its 3ʹUTR
(Luc+ARE) along with the increasing levels of a vector expressing WT TTP (0, 1, 3, 5, 10, 20, 50 and 100 ng) or (C) TTP phosphorylation mutant TTP-AA (0, 5, 10, 20, 50,
100 and 200 ng). The total amount of the DNA transfection mix was kept at 700 ng for all transfections by adding empty pcDNA3.1 vector. Transfected cell were left
over night, collected, and nanoLuciferase assays were performed to quantify the expression of the reporters. The non-ARE reporter (nLuc) was used as negative
control. In the y-axis the percent nLuc activity relative to the control without TTP transfection is shown. (D) TTP Western blot: an aliquot of the cells collected in
A that were transfected with 0, 5, 20 and 50 ng of TTP vector were directly lysed in SDS sample buffer for western blotting. In parallel 5 × 105 RAW264.7 mouse
macrophages were treated for the indicated time points with 0.5 µg/ml LPS and lysed in SDS sample buffer. Equivalent levels of lysates from both cell lines were
loaded on the same gel and blotted. After probing with TTP antibody the gel was stripped and re-probed with β-actin antibody.
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hours after LPS treatment suggesting that the induced TTP
in RAW264.7 cells may lead to the upregulation of the
expression of ARE containing mRNAs (Fig. 1D). Overall,
the results indicate that there is a very narrow range of low
TTP levels in HEK293 cells that is capable of reducing ARE
mRNA expression and a wide range of moderate and high
expression levels that does the opposite. A single low ‘opti-
mal TTP level’, in this case, 5 ng of transfected TTP in
HEK293 cells, has maximum TTP activity.

The level-dependent increase in ARE-reporter expression
in HEK293 cells can occur in the absence of TTP
phosphorylation

Several reports indicate that the phosphorylation of TTP at
two particular sites by MK2, serines 52 and 178, can signifi-
cantly reduce its function but unexpectedly also increase its
level by stabilizing its protein and mRNA [14,15,17,22–24].
To test if phosphorylation at the two MK2 sites is necessary
for the observed ability of TTP to increase reporter activity at
high expression levels in HEK293 cells, we repeated the ARE
reporter assay with a serine to alanine TTP mutant at the
critical MK2 phosphorylation sites, TTP-AA (Fig. 1C) [24].
Like the wild-type, TTP-AA was capable of reducing nLuc
+ARE expression at low levels but, more importantly, it also
led to increased expression at high levels indicating that

phosphorylation is not directly necessary for the observed
‘level-dependent’ upregulation of ARE-reporter expression,
at least in this experimental setup. It is interesting to note,
that overall the TTP-AA transfection levels necessary for the
upregulation of the nLuc+ARE reporter were higher than in
WT TTP, suggesting that a possible phosphorylation of WT
TTP is amplifying the expression of the nLuc+ARE reporter
(Fig. 1B, C). In conclusion, our observation indicates that the
high levels of TTP can reduce its activity even in the absence
of phosphorylation at the serines 52 and 178 sites. However,
this finding does not rule out a direct inhibitory effect of
phosphorylation in reducing TTP activity which we believe
it is essential and can act at low expression levels.

Down regulation of LPS-induced TTP can reduce TNF and
Cxcl2 release

The canonical function of TTP is to block the translation and
to facilitate the decay of ARE-containing mRNA decay.
However, the levels of TTP often directly correlate with its
targets at the onset of the inflammatory response. For
instance, in LPS treated RAW264.7 mouse macrophages,
both TTP protein and the mRNAs of TNF and Cxcl2 peak
at four to six hours post LPS treatment (Fig. 2). To investigate
whether or not the high levels of LPS-induced TTP in
RAW264.7 cells may be enhancing TNF or Cxcl2 expression,
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Figure 2. Direct correlation between cellular TTP and ARE-containing mRNAs levels. 5 × 105 RAW264.7 mouse macrophages were treated for the indicated time
points with 0.5 µg/ml LPS. The cell were split in two on half was lysed in SDS sample buffer and a western blot was performed to assess TTP and β-actin levels. From
the remaining cells total RNA was prepared and real time PCR was performed to quantify the relative levels of TNF and Cxcl2 mRNAs.
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we knocked down TTP expression in LPS treated RAW264.7
macrophages using three independent siRNA procedures that
target TTP. siTTP1 and siTTP2 are made of single siRNAs
that target TTP mRNA at different locations. siTTP(4xPool),
which contains a pool of 4 other siRNAs that co-target TTP at
4 different locations. Two non-specific scramble control
siRNAs were used. 48 hours post transfection the cells were
treated for 2, 4, and 6 hours with LPS. TTP levels were
assessed by western blotting: the knockdowns with siTTP1
and siTTP2 were moderate, while the knockdown with siTTP
(4xPool) was very strong (Fig. 3A, B and C right panels). TNF
release was measured by ELISA. Interestingly, the moderate
knockdowns with siTTP1 and siTTP2 led to a parallel reduc-
tion in TNF release (Fig. 3A and B left panels) suggesting that

the high TTP levels induced in the SCR controls are reducing
TNF expression. The dramatic knockdown with siTTP
(4xPool) (TTP levels were only slightly higher than in LPS
free background), led to increased levels of TNF production,
similar to the well-established TTP knockout effect [35]
(Fig. 3A). A similar effect was observed with Cxcl2 release;
after 4 h of induction, the release of Cxcl2 was lower with
siTTP1 and 2 knockdowns and higher with the strong siTTP
(4xPool) knockdown. (Fig. 3A and B middle panels).

The results again, suggest the existence of an ‘optimal TTP
level’ with a maximum ability to reduce ARE-mRNA expres-
sion. Below and above this level canonical TTP activity
decreases and TNF and Cxcl2 levels increase. The knockdown
with siTTP(4xPool), reduced TTP levels below the ‘optimal

Figure 3. Moderate knockdown of LPS-induced TTP in RAW264.7 can lead to the down regulation of TNF and Cxcl2 release. (A) in 10 cm culture plates
5 × 106 RAW264.7 cells were transfected independently with two siRNA scramble controls (SCR1 and SCR2) or the single siRNA that targets TTP: siTTP1 or with siTTP
(4xPool) which contains 4 pooled siRNAs (from Dharmacon). The cells were split into six well plates and after 48 hours, 0.5 × 106 cells were treated with LPS for 2, 4,
and 6 hours. Supernatants were recovered and TNF release was quantified by ELISA (Left Panel). The 4 h time point was also quantified for Cxcl2 release (Middle
panel). The cells were directly lysed in SDS sample buffer and equivalent levels were used for western blotting. The blots were probed with anti-TTP and β-actin
antibodies (Right Panel). To highlight the difference between the knockdowns with siTTP1 and siTTP(4xPool) a low (Lo exp.) and high (Hi exp.) exposures of the anti-
TTP blot are shown. (P values of paired t-test (SCR2 with siTTP1) from three independent experiments *<0.05, **<0.005, one representative experiment is shown with
SEM). (B) Same experiment as in A was repeated with another single siRNA that targets TTP (siTTP2) and SCR2 was used as control (P values of paired t-tests (SCR2
with siTTP1) from three independent experiments **<0.005, ***<0.0005. *<0.05, one representative experiment is shown with SEM). (C) Same experiment as in A and
B, siTTP1 and siTTP2 knockdowns were performed in parallel and with several concentrations of the siRNAs and controls as indicated and four hours LPS treatment,
the dotted line represents the average of the three controls, TNF release levels were quantified. (D) TTP-knockout bone marrow derived macrophages were
transfected with SCR2, siTTP1, siTTP2 and siTTP(4xPool) and treated for 4 hours with LPS. Supernatants were tested for TNF and Cxcl2 release by ELISA.
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TTP level’ leading to a loss in canonical TTP function and an
increase in TNF release, while in the knockdowns with siTTP1
and siTTP2, TTP levels were reduced but remained above the
‘optimal TTP level’ leading to a gain in canonical TTP func-
tion and to a decrease in TNF release.

In Fig. 3C, we performed parallel TTP knockdowns with
siTTP1 and siTTP2 at different siRNA concentrations (10, 30,
50, 75, 100 nM). We assume that in all those knockdowns
TTP levels remained above the ‘optimal TTP level’ and in all
of them a reduction in TNF release was observed. We
attempted a comparable experiment with siTTP(4xPool) but
the mix of the siRNAs always led to dose independent dra-
matic TTP knockdowns with a parallel increase in TNF levels
(data not shown). Transfecting TTP-/- (knockout) bone mar-
row derived macrophages with siTTP1, 2 and 4XPool did not

impact TNF and Cxcl2 release implying that the effect found
in RAW264.7 is specific to TTP (Fig. 3D).

The mild knockdowns of TTP do not affect the steady
state levels, stability and binding to target mRNAs

To investigate if the mild knockdown with siTTP1 and 2 affect
ARE-containing mRNA levels and stability we performed mRNA
time course and Actinomycin-D chase experiments after LPS
stimulation. The levels and stability of TNF mRNA were not
significantly affected by the mild knockdowns. On the other
hand, the strong knockdown with siTTP(4xpool) led to
a significant upregulation in TNF mRNA levels and stability
(Fig. 4A). The level of Cxcl2 mRNA was not significantly affected
by all knockdowns (Fig. 4B). Its stability 4 hours after LPS

Figure 4. Steady state levels and stability of ARE containing mRNAs after TTP knockdowns. RAW 264.7 cells were transfected with the indicated siRNAs in
a 10 cm plate overnight and next day seeded in two 6 well plates for LPS time course and mRNA stability experiments. For the time course the cells were treated for
the indicated time point with LPS, TNF and Cxcl2 mRNAs were measured by real time PCR. The data is shown in fold of untreated SCR control (A and B upper panel).
The same transfected cells were used to investigate mRNA stability of the same mRNAs by Actinomycin D chase experiments after 4 h LPS treatment (A and B middle
panel). The release of TNF and Cxcl2 was monitored by ELISA (A and B lower panel).
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stimulation remained very high and was not significantly affected
by the neither the mild nor the strong knockdowns similar to
a previously observation in LPS induced WT and TTP knockout
macrophages [6] (Fig. 4B). In this experiment, we also monitored
the release of TNF andCxcl2 and again themild knockdownswith
siTTP 1 and 2 led to a reduction in the release of TNF and Cxcl2
while the strong knock down led to an increase in the release of
both cytokines (Fig. 4A and B lower Panel).

To compare the binding of TTP to target mRNAs in the mild
and strong knockdown conditions to SCR control, we performed
mRNA/TTP co-immnunoprecipitation experiments in
RAW264.7 cells that were treated with LPS for 4 h. The enrich-
ment of the ARE-containing mRNAs with the TTP-IP was com-
pared against a nonspecific IgG control. Typically, both cytokines
were strongly enriched with the TTP-IP; 7–8 fold more than in
IgG control, while the GAPDH mRNA that lacks AREs was not
enriched at all (Fig. 5). Interestingly, the lower levels of immu-
noprecipitated TTP in the mild knockdowns (siTTP1 and 2) led
to a comparable enrichment of ARE-mRNAs as SCR control.
This suggests that free excess unbound TTP molecules exist in
the SCR control and lower TTP levels are sufficient for full
binding. Although steady state TNF mRNA levels are higher in
the strong siTTP(4xPool) knockdown (Fig. 4A upper panel)), the
enrichment with the TTP pulldown was weakest probably due to
the very low levels of TTP. Also, the enrichment of Cxcl2mRNA
was lower in strong knockdown compared to control and the
mild knockdowns. The IP of TTP was confirmed in a western
blot (Fig. 5 lower panel).

Down regulation of LPS-induced TTP reduces the
expression of an ARE-luciferase reporter

Next, we investigated if the observed TNF-reducing moderate
TTP knockdown effect in RAW264.7 is ARE-dependent and

thus post-transcriptional. Therefore, Nano-luciferase reporter
experiments were performed using the same constructs as
above (Fig. 1A). RAW264.7 cells were co-transfected with
either the nLuc or nLuc+ARE reporter and with either SCR
control or siTTP1 or siTTP2 or siTTP(4xPool). The cells were
split, left untreated or treated for six hours with LPS before
measuring Nano-Luciferase activity and performing western
blots to assess TTP levels. The expression of the negative
control reporter that lacks an ARE (nLuc) did not respond
to LPS in all four transfection sets (Fig. 6A, left panel, up). Its
expression was also not affected by the knockdowns with
siTTP1, siTTP2 and siTTP(4xPool) after LPS treatment. The
nLuc+ARE reporter on the other hand, responded to LPS and
its expression increased in all four sets of transfection Fig. 6B.
Before LPS treatment, the knockdowns of the background
TTP levels by siTTP1, siTTP2 and siTTP(4xPool) led to
upregulations of the nLuc+ARE reporter levels that negatively
correlate to the level of TTP (Fig. 6B upper and lower panels).
After LPS treatment the strong knockdown with siTTP
(4xPool) led to the strongest upregulation of the reporter
(9.8 nLuc/FF units) similar to the well-known knockout situa-
tion [35]. Most importantly, the mild knockdowns of LPS-
induced TTP with siTTP1 and 2 led to a weaker upregulation
of the nLuc+ARE reporter compared to SCR control (3.7 and
4.1 nLuc/FF units compared to 4.8 in the control). The TTP
knockdown experiment with the nLuc+ARE was repeated five
times and the LPS-dependent upregulation of reporter levels
were consistently lower in the mild knockdown of siTTP1 and
2 compared to SCR control indicating that the very high level
of TTP in the SCR control is reducing the upregulation of the
ARE reporter after LPS stimulation (Fig. 6C). These results
indicate that mild reductions in the levels of LPS induced TTP
reduce the expression of a reporter gene in an ARE-dependent
post-transcriptional manner (Fig. 6).

Figure 5. TTP/mRNA immunoprecipitation with mild and strong TTP knockdowns in LPS treated RAW 264.7. RAW 264.7 were transfected with SCR, siTTP1, 2
and 4XPool siRNAs and treated with LPS for 4 hours. The cells were lysed and TTP was immunoprecipitated with anti-TTP coupled beads. Negative control
precipitation was performed with unspecific IgG antibody. Upper Panel; total RNA was prepared and the levels of bound TNF, Cxcl2 and GAPDH mRNA were
quantified by real-time PCR and normalized against background β-Actin mRNA. Lower panel, TTP IP was monitored by western blotting; equivalent levels of
immunoprecipitated beads were heated in SDS loading buffer and loaded onto western blot.
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Discussion

The relationship between the activity and the cellular levels of
TTP during the onset of the inflammatory response is unex-
pected. After its induction, TTP cellular levels increase and
correlate with the levels of its target mRNAs such as TNF (Fig.
2). Yet, TTP is a TNF-mRNA destabilizing protein and an
indirect correlation can be expected [6,22]. Furthermore, the
inhibition of the p38/MK2/TTP MAPK phosphorylation path-
way either by the treatment with pharmacological inhibitors or
by genetic manipulation leads to the reduction of induced TTP
levels but concomitantly also to the upregulation of its activity
[15,36]. The cellular abundance of TTP when TNF mRNA is
most stable has been attributed to its phosphorylation by the
p38/MK2 pathway, which inhibits its activity but also leads to its

stabilization and accumulation [8,23,24,33]. However, no suffi-
cient explanation has been given, to why its levels decrease while
its activity increases.

Here, we provide evidence that themere very high levels of TTP
during the onset of inflammation, can lead to the reduction of its
canonical activity. The expression of ARE-containing mRNAs
during cellular homeostasis is, by default, repressed also due to
the activity of background levels of TTP. Typically, ARE-
containing gene reporters express 5 to 10% of the levels of non-
ARE when transfected into cells (Fig. 6). The enhancement of the
expression of ARE-containing reporter transcripts observed after
the overexpression or LPS induction of TTP upregulates this
expression to around 50% of the non-ARE reporter. Therefore,
this observed enhancement in expression has to be due to de-
repression.

Figure 6. Moderate knockdown of LPS-induced TTP in RAW264.7 reduce the expression of the ARE containing Nano-luciferase reporter. In 10 cm culture
plates 5 × 106 RAW264.7 cells were co-transfected with firefly-transfection-control plasmid (FF) and either with (A) a control nano-Luciferase reporter (nLuc) or (B)
a reporter that contains a TNF-ARE insertion in its 3ʹUTR (nLuc+ARE) together with control scramble siRNA or siTTP1 or siTTP2 or siTTP (4xPool) that target TTP mRNA.
Next day the transfected cells were split to two and a day later, cells were either left untreated or were treated with LPS for six hours before lysis and Nano-Luciferase
and FF activity measurements. Lower panels: equivalent cell aliquots were directly lysed in SDS sample buffer and lysate levels were used for western blotting. The
blots were probed with anti-TTP and β-actin antibodies. The numbers at the top of the columns in B indicate the nLuc/FF ratio of the measurements and the
numbers between the columns indicate the difference in nLuc/FF units between LPS treated and untreated cells. (C) Experiment B was repeated 5 times and the
normalized average and SEM of the difference in nLuc/FF units between LPS treated and untreated cells is shown (*P values of paired t-tests from three independent
experiments <0.02).
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Furthermore, two observations imply that this de-
repression can occur independently of the phosphorylation
status of TTP. First, the TTP-AA mutant that lacks the critical
MK2 phosphorylation sites is still capable of upregulating the
expression of the ARE-mRNA reporter when over-expressed
in HEK293 cells. Second the moderate knockdown of LPS
induced TTP in RAW264.7 leads to the reduction of TNF
release. In the moderate knockdown experiments and after
LPS treatment, the p38/MK2/TTP pathway should still be
intact and active. Therefore, the increase in TTP activity and
the subsequent reduction in TNF release in the siTTP trans-
fected cells can be attributed to the reduction in TTP level and
not to its phosphorylation. Importantly, the presented results
do not exclude direct effects of phosphorylation in reducing
TTP activity, such as the reduction in affinity to RNA or to
protein factors that facilitate mRNA decay [10,25–27].
Phosphorylation due to the activity of the p38 MAPK pathway
can stabilize ARE containing mRNA in the absence of TTP
induction [37]. The inhibition of TTP phosphorylation by
genetic disruption or with pharmacological inhibitors of the
p38/MK2 pathway results in more than 90% reduction in TNF
release [15,38], while the TTP knockdown effects observed
here reduce TNF release in the range of 30–40% only.
Therefore, the overall inhibition of TTP activity at the onset
of the inflammatory response is likely to be mainly a direct
result of phosphorylation complemented by high level.

Based on our data we propose, that in macrophages, TTP
should be most active at a single low expression level that we

call ‘optimal TTP level’ (OTL). In the absence of the inflam-
matory response, high TTP activity is not required and the
expression levels are below the OTL. During the onset of the
inflammatory response, TTP levels rapidly increase beyond
OTL leading to increased expression ARE-mRNAs due to
phosphorylation and self-inhibiting high TTP levels.
Sustaining high level is also facilitated by phosphorylation
and stabilization of TTP. Least TTP activity is reached at
maximum expression levels, at this point p38/MK2 activity
is reduced, TTP protein becomes dephosphorylated and
unstable, its cellular level start to get reduced but it regains
its activity and represses ARE-mRNAs expression. When the
OTL is reached most induced ARE-mRNAs are already
removed and the primary inflammatory response is resolved,
TTP levels can return to homeostatic background (Fig. 7).

TTP does not possess nuclease or other enzymatic activity;
instead it promotes repression of ARE-mRNA expression by
recruiting deadenylation and decay complexes to ARE-
containing mRNA [10,25–27]. Therefore, TTP can be considered
a scaffold; and the cellular concentration of a scaffold needs to
stoichiometrically match the concentration of the components to
which it binds for optimal function. Too much scaffold protein
will sequester the pathway components away from substrate and
negate the purpose of the scaffold [39]. Exogenous overexpres-
sion of a scaffold has been shown to reduce its own physiological
activity and has been considered as ‘informative artefact’ [39].
We suppose this type of explanation that was previously given for
overexpressed TTP in HEK293 cells may explain the presented
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Figure 7. Schematic representation of level-dependent regulation of the mRNA decay activity of TTP. During the onset of the inflammatory response, TTP
levels rapidly increase beyond an ‘optimal TTP level’ leading to increased expression of ARE-mRNAs due to the self-inhibiting effect of high TTP levels. This increase
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observations [28] and suggest that this can also be a physiological
phenomenon that controls TTP activity and the kinetics of the
post-transcriptional inflammatory response.
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