
Targeting mRNA Stability Arrests Inflammatory Bone Loss

Chetan S Patil1,2, Min Liu2, Wenpu Zhao2, Derek D Coatney2, Fei Li2, Elizabeth A
VanTubergen2, Nisha J D’Silva2,3, and Keith L Kirkwood2
1Department of Oral Biology, State University of New York at Buffalo, Buffalo, New York, USA
2Department of Periodontics and Oral Medicine, University of Michigan, Ann Arbor, Michigan, USA
3Department of Pathology, University of Michigan, Ann Arbor, Michigan, USA

Abstract
Many proinflammatory cytokines contain adenylate-uridylate-rich elements (AREs) within the 3′-
untranslated region (UTR) that confer rapid mRNA destabilization. During the inflammatory
response, cytokine mRNA are stabilized via complex interactions with RNA-binding proteins
controlled by phosphorylation via multiple signaling pathways including the mitogen-activated
protein kinases (MAPKs). In the absence of inflammation, a key cytokine-regulating RNA-binding
protein, tristetraprolin (TTP), shuttles mRNA transcripts to degradation machinery in order to
maintain low levels of inflammatory cytokines. Using this general model of mRNA decay, over
expression of TTP was evaluated in an experimental model of inflammatory bone loss to determine
whether altering cytokine mRNA stability has an impact in pathological bone resorption. Using
adenoviral-delivered TTP, significant reductions of interleukin-6 (IL-6), tumor necrosis factor-α
(TNF-α), and prostaglandin (PG)E2 were observed in vitro through a mechanism consistent with
targeting mRNA stability. In vivo analysis indicates a significant protective effect from inflammation-
induced bone loss and inflammatory infiltrate in animals overexpressing TTP compared with reporter
controls. These findings provide experimental evidence that mRNA stability is a valid therapeutic
target in inflammatory bone loss.

INTRODUCTION
Inflammation-driven bone resorption results from the induction of inflammatory mediators
through host response as exhibited in periodontal diseases. An important component of the
pathobiology of periodontitis is sustained expression of proinflammatory cytokines because
these mediators can directly or indirectly mediate osteoclastogenesis responsible for
periodontal bone loss.1,2 The nature and magnitude of the inflammatory infiltrate require
stringent control over proinflammatory mediators. Such levels of control are achieved through
multiple levels of gene regulation including induction and termination of transcriptional
activation, mRNA processing and decay, and mRNA translation.3–5

The inflammatory response to Gram-negative periodontal pathogens requires activation of
Toll-interleukin-1 receptor family members to initiate intracellular signaling. Multiple
signaling cascades are stimulated during the inflammatory stress response including p38
mitogen-activated protein kinase (MAPK), jun N-terminal kinase (JNK), and nuclear factor-
κB. Bacterial lipopolysaccharide (LPS) from periodontal pathogens Porphyrmonas
gingivalis and Aggregatibacter actinomycetemcomitans are capable of inducing cytokines such
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as interleukin-6 (IL-6), IL-1, and tumor necrosis factor-α (TNF-α) that are known to induce
bone loss.2,3,6,7 In human periodontitis, the levels of IL-6, TNF-α, and IL-2β are elevated8,9
and produced by a variety of cells including gingival fibroblasts, macrophages, lymphocytes,
and osteoblasts.10,11 LPS additionally induces the production of nitric oxide, the free radical,
and prostaglandin (PG)E2 through the p38 MAPK pathway in human gingival fibroblasts.12

Indeed, levels of PGE2 induced by LPS stimulation have been associated with
cyclooxygenase-2 (COX-2) levels and bone loss.13

The blockade of these cytokines in vivo has demonstrated the potent effects on bone metabolism
and general health of animals.11,12,14 The importance of cytokines in periodontal disease
progression was demonstrated in nonhuman primates when specific antagonists of IL-1 and
TNF-α inhibited the progression of bone loss in an experimental periodontitis model.14

Additionally, in a ligature-induced periodontal model of bone loss in rats, meloxicam, a
selective COX-2 inhibitor, was capable of inhibiting bone loss in rats.13 More recently,
inhibitors of p38 MAPK have been shown to prevent or arrest periodontal bone loss in
experimental periodontitis models through selective inhibition of inflammatory cytokines
including IL-6, TNF-α, and IL-1β.15,16

Cells of the immune system tightly regulate the production of potentially harmful cytokines
by repressing their expression at the post-transcriptional level. The adenylate-uridylate-rich
elements (AREs), located in the 3′-untranslated region (UTR) of many cytokines (e.g.,
granulocyte–macrophage colony-stimulating factor, TNF-α, IL-2, IL-3, IL-6) and other
proinflammatory factors (e.g., COX-2 and matrix metalloproteinase-13), play a major role in
post-transcriptional repression. The presence of an ARE in a particular transcript can target it
for rapid degradation or inhibit translation. p38 MAPK is a major signaling cascade implicated
in facilitating stability of many proinflammatory cytokine mRNAs. AREs from 3′-UTRs of
IL-6, IL-8, COX-2, and TNF-α mediate regulation of mRNA stability by p38 MAPK.17–21

These cis-acting ARE elements have been shown to affect stability of mRNA transcripts
through interaction with RNA-binding proteins.17,22 Proteins such as HuR have been
associated with stabilizing transcripts. Upon shuttling to the cytoplasm, HuR binds ARE-
containing transcripts and transports them to translational machinery. Alternatively, RNA-
binding proteins such as tristetraprolin (TTP), and TTP-related proteins, butyrate response
factor 1 and 2, have a major regulatory role in controlling cytokine mRNAs.23 The TTP/
butyrate response factor families of proteins bind to AREs with relatively high specificity
through a characteristic zinc finger domain. The function of TTP was elucidated through
several studies using TTP-deficient mice.24 TTP−/− mice were shown to develop a generalized
inflammatory condition, including an arthritic-like syndrome secondary to increased TNF-α
and granulocyte–macrophage colony-stimulating factor levels.24 In TTP−/− mice, the increased
cytokine production was shown to be a result of increased mRNA stability.25,26 TTP usually
binds to mRNAs to promote rapid degradation by a mechanism whereby ARE transcripts are
shuttled to exosomes.27 However, during the inflammatory response once p38 MAPK pathway
is activated, TTP is prevented from binding ARE mRNA after phosphorylated by p38 via its
downstream kinase MAPK-activated protein kinase-2.17

In this study, an adenoviral-delivered TTP has been used as a therapeutic agent to inhibit ARE-
containing cytokine expression and production. Using RNA stability as a target for gene
therapy, LPS-induced bone loss has been arrested in an experimental periodontitis model.
These data indicate that RNA stability functions in vivo for inflammation-induced bone loss
and ARE-decay machinery may be a valid therapeutic target in inflammation-associated bone
diseases.
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RESULTS
Ad5-TTP selectively inhibits inflammatory mediators in vitro

To evaluate the effect of overexpressed TTP on ARE-containing cytokine expression and
production, we transduced RAW264.7 macrophages with Ad5-TTP [600 multiplicity of
infection (MOI)]. Preliminary immunoblot analysis of Ad5-TTP expression in RAW264.7 and
HeLa cells indicated that optimal expression was achieved between 100 and 600 MOI in 24–
36 h (data not shown). Enzyme-linked immunosorbent assay (ELISA) data in Figure 1 indicates
that A. actinomycetemcomitans LPS is capable of potent stimulation of inflammatory mediators
IL-6, TNF-α, and PGE2. Importantly, control viral particles expressing green fluorescent
protein (GFP) did not inhibit LPS-induced cytokine production, while Ad5-TTP inhibited LPS-
stimulated IL-6 (P < 0.001), PGE2 (P < 0.001), and TNF-α (P < 0.001) without any effect on
non-stimulated cultures.

Ad5-TTP decreases mRNA expression of key inflammatory mediators by targeting AREs
To determine whether overexpressed TTP could alter expression of inflammatory mediators
at the level of mRNA, real-time reverse transcription-PCR was used to measure steady-state
mRNA levels of COX-2, IL-6, and TNF-α. RAW264.7 macrophages were transduced with
Ad5-GFP, Ad5-TTP, or without any viral particles and then stimulated with A.
actinomycetemcomitans LPS (1 µg/ml) for 18 h. Total RNA was subject to real-time reverse
transcription-PCR as described in the Materials and Methods section. In Figure 2a, cells that
were untransduced or transduced with control viral particles expressing GFP showed
significant induction of COX-2, IL-6, and TNF-α mRNA in response to LPS. However,
macrophages transduced with TTP-expressing virus confirmed a significant inhibition of
COX-2, IL-6, and TNF-α steady-state mRNA (P < 0.001) to control culture levels (normalized
to glyceraldehyde 3-phosphate dehydrogenase).

To further delineate the molecular targets of Ad5-TTP both ARE and non-ARE containing
luciferase reporter expression was measured. HeLa cells were “adenofected” with Ad5-TTP
or Ad5-GFP control virus along with luciferase reporters containing ARE of IL-6, TNF-α,
COX-2 or non-ARE containing pGL3-control reporter plasmids (Figure 2b). After A.
actinomycetemcomitans LPS stimulation, luciferase activity was determined from cell lysates.
Nontransduced cells provided baseline levels of luciferase activity that was normalized to total
protein. Cultures transduced with Ad5-GFP expressing ARE reporters resulted in luciferase
activity that is not significantly different from nontransduced cells. Ad5-TTP adenofection
significantly reduced IL-6 ARE (P < 0.05), TNF-α ARE constitutive decay element (P < 0.01),
and COX-2 ARE (P < 0.001). Importantly, control non-ARE reporter expression was not
altered in GFP-or TTP-transduced cultures.

In vivo optimization of Ad5 delivery
In vivo optimization of adenovirus expression through intraoral delivery was performed using
an Ad5-luciferase reporter. Rats received intraperitoneal injections with luciferase substrate
and luciferase activity was detected as described in the Materials and Methods section on days
1, 3, 7, 14, and 21 following a single intraoral injection of Ad5-luciferase. Representative
bioluminescence activity from different MOIs at 7 days is shown in Figure 3a. High levels of
luciferase activity were readily detected through 21-days end point when 500 and 1,000 MOI
of adenovirus was used (Figure 3b). Animals from 100 and 10,000 MOI groups were reinfected
with adenovirus to evaluate expression. These animals did not express luciferase activity (data
not shown).
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Adenoviral delivered TTP is expressed through the experimental protocol in periodontal
tissues

Figure 4 shows in vivo TTP expression after Ad5-GFP and Ad5-TTP transduction of
periodontal tissues. Using sections following the experimental period, control and Ad5-TTP
tissues were immunostained from TTP. Immunoglobulin G isotype controls showed little
background staining after extensive optimization (data not shown). Data from these studies
indicate that Ad5-TTP is strongly expressed in injected areas (Figure 4e) but not from adjacent
areas (Figure 4F) or Ad5-GFP-transduced tissues (Figure 4b and c shown at high
magnification).

Adenoviral-delivered TTP prevents experimental periodontitis
Figure 5a illustrates representative microcomputed tomography (µCT)-scanned data that was
re-formatted to generate a three-dimensional image of the rat hemi-maxillae in each treatment
group. Using the compiled data, bone loss was measured using linear and volumetric analysis.
Linear analysis measured in millimeters (mm) between the cementoenamel junction and the
alveolar bone crest. Figure 5b indicates A. actinomycetemcomitans LPS delivery in
nontransduced and Ad5-GFP transduced rats resulted in significant linear bone loss (P < 0.05).
Ad5-TTP-transduced animals displayed similar levels of bone height when compared with
phosphate-buffered saline (PBS)-injected animals. A. actinomycetemcomitans LPS injections
in Ad5-TTP-transduced animals displayed extensive protection from linear bone loss
compared with LPS-treated animals (P < 0.01). To eliminate any linear measurement basis,
bone volume analysis was used to determine whether Ad5-TTP had a significant effect to
preserve bone levels in this animal model of bone destruction as recently described.15,16,28 As
shown in Figure 5c, bone volume levels from PBS-injected GFP and TTP-expressing rats are
not significantly different. In animals injected with LPS, nontransduced and Ad5-GFP-
transduced animals show substantial bone volume loss (P < 0.05). Ad5-TTP-transduced rats
did not demonstrate significant bone volume loss when injected with A.
actinomycetemcomitans LPS compared with nontransduced and Ad5-GFP-transduced animals
(P < 0.01).

Ad5-TTP decreases inflammatory infiltrate and osteoclast recruitment
To examine intraoral tissues from rats locally expressing TTP or control virus, histological
sections were evaluated to enumerate inflammatory cells and osteoclasts. Histological analysis
between first and second molar demonstrated low levels of neutrophils, macrophages, and
lymphocytes in all PBS-injected animals regardless of viral transduction (Figure 6 and Table
1). The presence of inflammatory cells increased considerably in LPS-injected tissue. In Ad5-
GFP and Ad5-TTP-transduced tissues, slight elevation of inflammatory cells was observed.
These data are consistent with the ability of the immunocomponent animal to generate an
immune response to the adenovirus. In animals injected with LPS in the presence of Ad5-TTP,
the levels of inflammatory cell counts were reduced to those observed in PBS-injected animals.
Tissue sections were also subjected to tartate-resistant acid phosphatase (TRAP) staining
(Figure 7). TRAP+ cells were visually enumerated between maxillary first and second molars.
PBS-injected animals had baseline levels of TRAP expression for nontransduced and
transduced animals. A. actinomycetemcomitans LPS–injected animals resulted in dramatically
greater number of TRAP+ cells in nontransduced and Ad5-GFP-transduced animals (P <
0.001). Ad5-TTP infection prevented LPS-induced increase in osteoclast formation.

DISCUSSION
TTP deficiency is associated with cachexia, arthritis, and autoimmunity, resulting from
increasing ARE inflammatory cytokine production.24,25 Many studies have evaluated the
overexpression of TTP on exogenous ARE reporters in vitro.29–32 We have demonstrated in
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a proof-of-principle model system that overexpression of TTP decreases endogenous ARE
cytokine levels in vitro and protects from inflammation-induced bone loss in vivo.

Activation of the p38/MAPK-activated protein kinase-2 pathway through LPS binding results
in the phosphorylation of TTP at serine 52 and 178 (ref. 33). This phosphorylation sequesters
TTP with 14:3:3 and inhibits interaction of TTP with ARE mRNA.34 Thus, ARE mRNAs are
spared from TTP shuttling to degradation machinery and are given an opportunity for
translation.35,36 Once the inflammatory stimulus is resolved, TTP becomes
hypophosphorylated37 permitting interaction of TTP with ARE mRNA once again to facilitate
decay of the mRNA at P-bodies and exosomes.23,32

The regulation of TTP occurs as a result of mRNA and protein stability through MAPK
pathways. Interestingly, LPS stimulation induces TTP gene expression25,38 that is regulated
by TTP protein through the p38 MAPK pathway as described above.30 Upon LPS stimulation,
multiple pathways are activated, including JNK, extracellular signal–regulated kinase, and p38
MAPK.6,39 Over activation of p38 MAPK and extracellular signal–regulated kinase results in
a synergistic stabilization of TNF-α reporter constructs.40 Mechanistically, pharmacological
inhibition of p38 MAPK results in TTP localization to the nucleus, an effect that is synergized
by the inhibition of extracellular signal–regulated kinase.39 It is believed that TTP protein
undergoes degradation after nuclear localization.39 However, not all groups have observed this
nuclear localization, thus nuclear localization may not be a pre-requisite for degradation.38

Ultimately, activated p38 MAPK stabilizes TTP protein by preventing degradation via 20/26
proteosome.39 Further evidence suggests that stabilization through the p38 MAPK pathway
may result from phosphorylation of sites alternative to serine 52 and 178 refs. 37,38.
Experimentation involving the over activation of JNK pathways has demonstrated the rapid
inhibition of p38 MAPK-mediated stability. Although the mechanism has not been clearly
defined, it is believed that JNK activation increases the expression of dual specificity kinases
that dephosphory-late and inactivate p38 MAPK. This notion is additionally supported by the
observation of hyperphosphorylated p38 MAPK when JNK is pharmacologically inhibited.
40,41 Thus it is clear that multiple MAPK pathways have direct and indirect input in the
regulation of mRNA stability. This complicates the function of TTP in RNA stability and has
led us to the question of whether overexpressed TTP could functionally inhibit ARE
proinflammatory cytokines.

To prevent Ad5-TTP self-regulation, we used an expression construct containing a
cytomegalovirus promoter along with the TTP-coding sequence but lacking the TTP 3′-UTR.
Although this circumvents regulation via mRNA stability, TTP is still capable of being
regulated by post-translational mechanisms involving MAPK pathways.39 Using this
adenoviral delivery system, we have demonstrated that TTP overexpression can significantly
reduce protein secretion of IL-6, TNF-α, and PGE2 as detected using ELISA in macrophages.
Although efforts have been made to demonstrate the involvement of endogenous TTP
regulation of IL-6 mRNA stability, these studies have only used reporter systems or evaluated
the end-result of protein production.42,43 While we have not evaluated this interaction, our data
supports that TTP overexpression reduces IL-6. Ongoing studies are addressing mechanisms
of IL-6 ARE regulation by TTP (unpublished data). The levels of protein reduction vary among
the inflammatory mediators (PGE2 and TNF-α reduced by ~50%, IL-6 reduced by ~85%;
Figure 1a). As measured by real-time reverse transcription PCR, steady-state mRNA levels of
COX-2, IL-6, and TNF-α were reduced near baseline levels (Figure 1b). Because COX-2
protein levels were not directly measured, we cannot rule out that COX-2 protein was abolished.
However, data available from several studies suggest that COX-2 and PGE2 levels are
correlated in vitro and in vivo.44,45 Additional data suggests endotoxin-induced PGE2 may not
be accounted for COX-1 activity.46
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This study used cell lines from different species confirming a conserved role for TTP in
reducing class II ARE mRNA levels (Figure 1 and Figure 2). In vitro endogenous steady-state
mRNA data combined with ELISA and ARE reporter assay data provide significant evidence
that TTP inhibits endogenous and exogenous ARE mRNA. These data are consistent with the
literature where TTP is overexpressed.18,31,36 Interestingly, we were not able to detect
consistent changes in endogenous mRNA stability in our model of TTP overexpression (data
not shown). The model system we used maintained very (basal) low levels of mRNA similar
to unstimulated cells. This, in part, made it difficult to show a consistent reduction in mRNA
stability.

The primary end point in these studies is periodontal bone loss. Analysis of µCT data from
hemi-maxillae initially used linear measurement that is analogous to clinical examination in
humans (Figure 5b). In order to verify these linear data, volume analysis was used to determine
whether Ad5-TTP had a protective effect on inflammatory bone loss (Figure 5c).

The presence of inflammatory cells is very high in LPS-injected animals (Figure 6). Although
there are few inflammatory cells detected within the Ad5-GFP-infected animals, the intensity
of inflammatory infiltrate is greater than those of LPS-injected animals. Importantly, the
number of inflammatory cells in Ad5-TTP-transduced animals was at baseline levels for PBS-
and LPS-injected animals suggesting a reduced inflammatory response. When evaluating
TRAP-positive cells in tissue sections, Ad-GFP and nontransduced animals injected with LPS
demonstrated high TRAP-positive cell counts. Animals overexpressing TTP presented with
TRAP-positive cell numbers similar to PBS-injected animals regardless of LPS injection
(Figure 7). The production of proinflammatory cytokines has been well correlated with
inflammatory periodontal bone loss resulting from osteoclast differentiation and activation.
14,28,47,48 This trend is similar to that observed when evaluating inflammatory cells counts.
This correlation suggests an inability of LPS to cause inflammation-induced bone loss in
animals overexpressing TTP.

Although TTP overexpression has been shown to mediate effects through in vitro studies using
ARE reporters, these studies are the first to evaluate TTP as a therapeutic agent in vivo. Multiple
MAPK pathways are activated upon LPS stimulation that induce proinflammatory cytokine
gene expression. After p38/MAPK-activated protein kinase-2 phosphorylation of TTP, ARE
mRNA does not retain TTP which permits shuttling to translational machinery, enhancing
cytokine production. However, in an overexpression setting, TTP is present in abundance at
the time of LPS stimulation. Thus, despite MAPK pathway activation not all TTP will be
phosphorylated, allowing nonphosphorylated TTP to engage ARE-containing mRNA. This
interaction allows for the shuttling of ARE mRNA to degradation components resulting in a
net reduction of ARE-containing cytokine production. Ongoing studies are addressing the
potential of TTP to function in an infectious model of periodontitis. These studies indicate that
in a preventive model of experimental periodontitis, mRNA stability regulation plays a major
role in LPS-induced inflammatory bone loss. However, in human periodontal pathology,
infectious bacteria are capable of interacting with the host. Although LPS is a potent
inflammatory mediator, there are other components within live organisms that can induce
apoptosis, modulate the immune response, and evade the immune response. Further
investigation using live infection models would be necessary to ascertain the truly protective
benefits of this preventive therapeutic approach.

Although there are several steps required to use TTP as a therapeutic, these data suggest that
this RNA-binding protein can function as an anti-inflammatory therapeutic in an LPS-induced
inflammatory bone loss model.
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MATERIALS AND METHODS
Cells and materials

HeLa (ATCC CCL 2) cervical cancer and RAW264.7 (ATCC TIB-71) monocyte/macrophage
cell lines were obtained from American Type Cell Collection (Manassas, VA). All cells were
cultured with Dulbecco’s modified Eagle’s media (Invitrogen, Carlsbad, CA) supplemented
with 10% heat-inactivated fetal bovine serum, 100 IU/ml penicillin, 100 µg/ml streptomycin
in a 37 °C incubator containing 5% CO2. A. actinomycetemcomitans LPS serotype b was
purified and characterized from strain Y4 as described previously.28 ARE reporter plasmids
were constructed through PCR cloning into pGL3-control (Promega, Madison, WI) vector
containing the luciferase reporter gene. IL-6 3′-UTR (1–403) was amplified from the mIL-6
complementary DNA in pCR2.1 by PCR using primers terminating in XbaI recognition
sequences: forward, 5′-CCTCTAGATAGTGCGTTATGCCTAAGCA-3′; reverse, 5′-C C T C
T A G A G TTTGAAGACAGTCTAAACAT-3′ and were ligated in the unique XbaI site of
the pGL3-control vector (Promega). TNF-α constitutive decay element corresponding to 3′-
UTR (received as gift for [confirm] pTet-7B-TNFCDE from P. Anderson, Harvard University)
was PCR amplified and ligated cloned into Xba site of pGL3-control using primers terminating
in XbaI recognition sequences: forward: 5′-TTTTCTAGA-GGAAGGCCGGGGTGT-3′;
reverse 5′-TTTTCTAGACTCAGCTCCGTTTTCACAGA-3′. The COX-2 ARE reporter was
received in pGL3-control as a gift from A. Morrsison (Washington University). All ARE
reporters were sequenced to verify authenticity before use.

Viral generation, transduction, and adenofection
DLE3 replication-deficient adenovirus expressing GFP and TTP were generated through the
Vector Core at University of Michigan (Thomas Lanigan, Director). Serotype-5 adenovirus
containing human TTP was generated by excisingthe coding sequence from FLAG-TTP (gift
from Jens Lykke-Anderson) and subcloning into the pACCMV2 shuttle vector. Through LOX-
P integration, the TTP-coding sequence was integrated into the adenoviral expression
construct. Viral particle production and titer was performed in human retina cell line HER911.

ELISA
RAW264.7 cells were plated at 5 × 104 cells/well in 24-well dishes and then infected with
Ad5-GFP or Ad5-TTP for 12 hours. Cells were then stimulated with A.
actinomycetemcomitans LPS (1 µg/ml) for an additional 24 hours. Vehicle-only cultures served
as controls. Cell culture supernatants were harvested and IL-6, TNF-α, and PGE2 levels were
analyzed using ELISA according to manufacturer’s instructions (R&D Systems, Minneapolis,
MN).

Real-time reverse transcription PCR
Total RNA was isolated from control and transduced cells as described above using TRIZOL
(Invitrogen) according to the manufacturer’s instructions and quantitated via
spectrophotometer. Complementary DNA was synthesized by a reverse transcription kit
(Applied Biosystems, Foster City, CA) using 300 ng total RNA in a 15-µl reaction. PCR
thermocycler (Applied Biosystems 7500 Real-Time PCR System) conditions used were as
follows: 50 °C for 2 minutes, 95 °C for 10 minutes, and 50 cycles of 95 °C for 15 seconds, 60
°C for 1 minute. Amplicon primers were obtained through Assays on Demand (Applied
Biosystems, Foster City, CA) for murine IL-6 (Mm00446190_ml), TNF-α
(Mm00443258_m1), COX-2 (Mm00478374_m1), and glyceraldehydes 3-phosphate
dehydrogenase (Mm99999915_gl). Amplicon concentration was determined using threshold
cycle values compared with standard curves for each primer. IL-6, TNF-α, and COX-2 mRNA
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levels were quantitated, normalized to glyceraldehyde 3-phosphate dehydrogenase, and
expressed as fold change compared with control cultures.

ARE reporter gene assays
Adenoviral transduction was used to attain high ectopic gene expression in vitro and in vivo.
HeLa cells were transduced with Ad5-TTP or Ad-5-GFP control viral particles at 600 MOI.
After 3 hours, serum was added to cells and media was refreshed 12 hours after transduction.
For ARE reporter assays, cells were subsequently transfected with ARE reporter plasmids for
IL-6, TNF-α, COX-2 [according to protocol using Lipofectamine PLUS (Invitrogen)]. Twelve
hours after transfection, cells were stimulated with A. actinomycetemcomitans LPS (1 µg/ml)
for 24 hours. Cells lysates were harvested and subjected to luciferase activity assays (Dual
luciferase Assay, Promega) and luciferase activity measured using luminometer (LMaxII,
Molecular Devices, Sunnyvale, CA).

In vivo bioluminescence imaging
To determine the in vivo dose for intraoral application of Ad5-TTP, an Ad5-luciferase reporter
virus was used to monitor MOI and time optimization. Bioluminescence was performed
following one-time injection of Ad5-luciferase at indicated MOIs (n = 3/group).
Bioluminescence activity was measured on days 1, 3, 7, 14, and 21 after injection via a
cryogenically cooled imaging system (Xenogen, Alameda, CA). Before imaging, animals were
anesthetized in an acrylic chamber with 1.5% isofluorane/air mixture and injected
intraperitoneally with 40 mg/ml of luciferin potassium salt in PBS at a dose of 150 mg/kg body
weight as previously described.49,50 The University Committee on the Use and Care of
Animals at the University of Michigan approved all protocols.

Experimental periodontitis model
Twenty-four female adult Sprague-Dawley rats (~250 g) were housed under specific pathogen-
free conditions in pairs with food and tap water ad libitum. Once weekly, animals were weighed
to ensure proper growth and nutrition. Rats were injected one time in the palatal region between
the maxillary first and second molars with no adenovirus (n = 8), adenovirus expressing GFP
(1 × 109 plaque-forming units in 4 µl total volume; n = 8), or adenovirus expressing TTP (1 ×
109 plaque-forming units in 8 µl total volume; n = 8) at day 0. Twenty-four hours after
adenoviral delivery, rats were subdivided so that half of the groups (n = 4; eight hemi-maxillas)
received either A. actinomycetemcomitans LPS (6 µl of a 10 mg/ml) delivered bilaterally to
the palatal gingival tissue via a 33-gauge Hamilton syringe between the maxillary first and
second molars three times per week for 4 weeks (144 µg of LPS/animal over the 4-week period),
or mock injection control PBS delivered bilaterally between the first and second molars three
times per week for 4 weeks PBS as recently described.16 At the end of the experimental period,
animals were killed, maxillas hemisected (n = 8/group) and posterior block sections were
immersed directly in 10% buffered formalin fixative solution.

Microcomputed tomography
Nondemineralized rat maxillae (n=8/group) were scanned by a cone beam µCT system (GE
Healthcare BioSciences, Chalfont St. Giles, UK) as previously described.15 Each scan was
reconstructed at a mesh size of 18 × 18 ×18 µm, and three-dimensional digitized images were
generated for each specimen. Using GEHC MicroView software (version viz. + 2.0 build
0029), the images were rotated into a standard orientation and threshold to distinguish between
mineralized and nonmineralized tissue. For each specimen, a grayscale voxel value histogram
was generated to determine an optimal threshold value. Linear measurements on bone loss
were taken from cementoenamel junction to alveolar bone crest and volume of bone loss were
measured as described.15,16 Examiners (D.D.C. and C.P.) were trained at the University of
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Michigan Core Center for Musculoskeletal Disorders where all µCT scans were measured in
a blinded manner.

Histology, immunohistochemistry, and TRAP staining
Formalin-fixed specimens were decalcified in a 10% EDTA solution for 2 weeks at 4 °C. The
maxillas were paraffin embedded, and sagittal sections (5 µm) were prepared. Some sections
were stained with hematoxylin and eosin for descriptive histology. Immunohistochemical
staining was performed as described previously.15 Antigen retrieval was performed with
sodium citrate buffer (10 mmol/l, pH 6, 95 °C). Tissue sections were incubated with rabbit
anti-TTP polyclonal antibody (3 µg/ml, Abcam, Cambridge, MA) for 1 hour at room
temperature. Subsequently, tissue sections were incubated with biotinylated donkey anti-rabbit
Immunoglobulin G (Biocare Medical, Walnut Creek, CA) and biotin–streptavidin conjugated
to peroxidase. The chromogen DAB 500 was used for immunodetection. Images were captured
using an inverted scope (Nikon TS100) and mega pixel camera (Nikon CCD camera with 5.1).
For enumeration of osteoclasts, TRAP staining was performed on a representative slide from
each treatment group using a leukocyte acid phosphatase kit (Sigma, St Louis, MO). Active
osteoclasts were defined as multinucleated TRAP-positive cells in contact with the bone
surface as described.28 Slides from approximately the same sagittal sections were used to
enumerate TRAP-positive cells.

Statistical analysis
All data were subject to statistical analysis through appropriate analysis parameters. Two-way
analysis of variance was used when multifactorial statistical analysis was needed. Two-way
analysis of variance with Bonferroni post-tests was performed using Graphpad Prism (version
4.03) Graphpad Software (San Diego, CA).
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Figure 1. Ad5-TTP potently decreases secretion of inflammatory mediators in macrophages
RAW264.7 macrophages were transduced with Ad5-GFP or Ad5-TTP and stimulated with
Aggregatibacter actinomycetemcomitans lipopolysaccharide (LPS) (1 µg/ml). Cell culture
supernatants were obtained 24 hours after stimulation and subjected to enzyme-linked
immunosorbent assay. Ad5-TTP reduced LPS-induced (a) tumor necrosis factor-α (TNF-α)
(***P < 0.001), (b) interleukin-6 (IL-6) (***P < 0.001), and (c) prostaglandin (PG)E2 (***P
< 0.001; n = 3 for each). Ad, adenovirus; GFP, green fluorescent protein; TTP, tristetraprolin.
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Figure 2. Ad5-TTP specifically inhibits adenylate-uridylate-rich element (ARE)-containing
transcripts
(a) RAW264.7 macrophages were transduced with Ad5-GFP or Ad5-TTP and stimulated with
Aggregatibacter actinomycetemcomitans lipopolysaccharide (LPS) (1 µg/ml). RNA was
isolated 18 hours after stimulation and subjected to real-time reverse transcription-PCR
measurement of tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and cyclooxygenase-2
(COX-2) normalized to glyceraldehyde 3-phosphate dehydrogenase mRNA (n = 3 each). (b)
HeLa cells were “adenofected” with luciferase reporter constructs and Ad5-TTP [75
multiplicity of infection (MOI)], Ad5-GFP (75 MOI), or no adenovirus (Ad). Luciferase
reporters contained 3′-untranslated region (3′-UTR) of TNF-α, IL-6, and COX-2, or non-ARE
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control pGL3-control. Luciferase activity was measured and normalized to total protein (n =
3; *P < 0.05, **P < 0.01, ***P < 0.001). TTP, tristetraprolin.
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Figure 3. Ad5-luciferase is locally expressed in rat maxillae for up to 21 days
Rats were injected in the left maxillae with Ad5-luciferase reporter gene. Rats were the given
luciferin substrate on days 1, 3, 7, 14, and 21 and in vivo bioluminescence was measured. (a)
Representative images of rat maxillae at day 7 at indicated multiplicities of infection (MOIs)
with Ad5-luciferase. (b) Graphical presentation of luciferase activity over 21 days. (n = 3/
MOI). ROI, region of interest.
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Figure 4. Ad5-TTP is expressed in periodontal tissues throughout the experimental protocol
Immunohistochemical analysis of tristetraprolin (TTP) expression in adenovirus-transduced
periodontal tissues from (a) Ad5-GFP and (d) Ad5-TTP at low magnification. (b and e) Upper
boxed region from a and d, respectively, at higher magnification showing Ad5-GFP-injected
area between maxillary molars areas. Larger arrows indicate TTP expression in epithelial tissue
and shorter arrows indicate connective tissue staining. (c and f) Lower boxed region from a
and c, respectively, at higher magnification showing adjacent nontransduced periodontal
tissues. Bars indicate scale. Ad, adenovirus; GFP, green fluorescent protein.
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Figure 5. Ad5-TTP protects bone in experimental periodontal disease model
(a) Representative microcomputed tomography images of rat maxillae from indicated
treatment groups. (b) Linear measurement from cementoenamel junction (CEJ) to alveolar
bone crest (ABC) (n = 8/group; *P < 0.05, **P < 0.01). (c) Volumetric analysis of bone loss
levels (n = 8/group; *P < 0.05, **P < 0.01). Ad, adenovirus; GFP, green fluorescent protein;
PBS, phosphate-buffered saline; TTP, tristetraprolin.
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Figure 6. Ad5-TTP reduces inflammatory infiltrate induced by Aggregatibacter
actinomycetemcomitans lipopolysaccharide (LPS) in the area adjacent to bone loss
Histological appearance of representative phosphate-buffered saline (PBS)-injected control
(a), PBS + Ad5-GFP (b), PBS + Ad5-TTP (c), LPS (d), LPS + Ad5-GFP (e), LPS + Ad5-TTP
(f) at low magnification (bars indicate 1,000 µm). Inserts of boxed areas between M1 and M2
at higher magnification (bars = 40 µm). Ad, adenovirus; GFP, green fluorescent protein; TTP,
tristetraprolin.
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Figure 7. Ad5-TTP reduces osteoclastogenesis in experimental bone loss model
Tartate-resistant acid phosphatase–positive (TRAP+) cells were enumerated from similar
sagitally sectioned specimens and graphically presented as a scatter plot analysis. Horizontal
bar indicates mean TRAP+ cell counts (n = 8; ***P < 0.001). Ad, adenovirus; GFP, green
fluorescent protein; TTP, tristetraprolin.
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Table 1
Ad5-TT P reduces inflammatory cell infiltrate in LPS-injected animals

Group Histological gradinga

PBS 0

PBS + Ad5-GFP 5–7

PBS + Ad5-TTP 7–10

LPS >80

LPS + Ad5-GFP 20–30

LPS + Ad5-TTP 2–3

Abbreviations Ad, adenovirus; GFP, green fluorescent protein; LPS, lipopolysaccharide; PBS, phosphate-buffered saline; TTP, tristetraprolin.

a
Number of lymphocytes, macrophages, and neutrophils per high power field (×40).
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