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ABSTRACT

Obesity is a strong predictor of heart disease, insulin resistance, and type II diabetes. Chronic, low-grade inflammation links obesity and insulin resistance through
mitogen-activated protein kinase (MAPK) signaling pathways. Upstream kinases activate MAPK signaling, while MAPK-specific dual-specificity phosphatases
(DUSPs) act as key modulators and controllers of MAPK deactivation (i.e. dephosphorylation). Using tumor necrosis factor a (TNFa) in 3 T3-L1 adipocytes as a model
of inflammation, we report that TNFa-mediated induction of Duspl, Dusp8 and Duspl6 modulated the transient regulation of MAPK (i.e., ERK, JNK, and p38)
phosphorylation and subsequent inflammatory gene expression. All three MAPKs examined were phosphorylated in preadipocytes and adipocytes in response to
TNFa, where signaling magnitude and duration were phenotype-specific. Moreover, TNFa increased mRNA abundance of DUSPs in preadipocytes and adipocytes in a
phenotype-specific manner, concomitant with dephosphorylation of MAPKs. RNA interference (RNAi)-mediated knockdown of Dusp1, Dusp8 and Dusp16 increased
signaling magnitude and duration of ERK, JNK, and p38 that subsequently resulted in significant increases in MAPK-dependent inflammatory gene expression of
MCP-1, IL-6, and Cox-2 in response to TNFa. This study highlights important roles for DUSPs as integral components of MAPK signaling and adipocyte inflammatory

gene expression.

1. Introduction

Obesity plays a causal role in the development of type 2 diabetes,
which ensues from progressive loss of insulin sensitivity in adipose
tissue, liver and skeletal muscle [1]. Numerous studies have highlighted
localized inflammation and adipose tissue dysfunction as central med-
iators of the metabolic adaptations that couple the progression of
obesity to the onset of insulin resistance [1,2]. Central to this argument,
localized inflammation has been shown to elevate proinflammatory
cytokine and free fatty acid release from adipose tissue that imparts
peripheral insulin resistance and altered glucose homeostasis in both
liver and muscle [1-3]. Molecular mechanisms that underlie the onset
of obesity-induced inflammation include secretion of proinflammatory
cytokines from fat-laden adipocytes, adipocyte precursor cells known as
‘preadipocytes’ as well as resident adipose tissue macrophages. As the
severity of obesity progresses, tissue-derived chemokines, such as
monocyte chemoattractant protein-1 (MCP-1), further promote mac-
rophage infiltration into adipose tissue that exacerbates the secretion of
proinflammatory mediators originating from adipose tissue, leading to
the development of chronic inflammation and systemic insulin re-
sistance [1-4].

Evidence highlights tumor necrosis factor a (TNFa) among the
plethora of cytokines that perpetuate chronic inflammation leading to

insulin resistance [3,5]. TNFa is expressed as a 26 kDa transmembrane
monomer that is enzymatically cleaved to a 17 kDa soluble form.
Membrane-bound and soluble forms of TNFa exert biological activity
and impinge upon insulin sensitivity through autocrine, paracrine, or
endocrine modalities [5,6]. Further, TNFa has been shown to suppress
insulin signaling, alter glucose homeostasis, promote lipolysis, and in-
hibit lipogenesis in cultured adipocytes [1,3,6,7]. It has also been re-
ported that TNFa is elevated in adipose tissue of obese subjects, while
genetic ablation of TNFa can restore insulin sensitivity [1,6,8]. The
contribution of adipose tissue to circulating levels of TNFa is a matter
of debate. However, there is consensus that adipose tissue-derived
TNFa can impact whole-body insulin sensitivity by impairing adipose
tissue function through localized insulin resistance as well as through
TNFa-mediated effects on proinflammatory gene expression [1,2].
The mitogen-activated protein kinases (MAPKs) play a critical role
in linking metabolic effects of TNFa to the development of adipose
insulin resistance and inflammation. The MAPKs are a family of serine/
threonine kinases that include extracellular signal-regulated protein
kinase (ERK), c-Jun N-terminal kinase (JNK), and p38. All three MAPKs
are activated in adipose tissue in response to TNFa stimulation and
serve as mediators of localized insulin resistance through transcrip-
tional mechanisms involving adipocyte gene expression as well as the
expression and secretion of other proinflammatory molecules [2,9-12].
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In addition, MAPK activity has also been linked to cytosolic suppression
of proximal insulin signaling through JNK phosphorylation of specific
serine residues of insulin receptor substrate-1 (IRS-1) [12-14].

MAPKs are activated when both threonine and tyrosine residues are
phosphorylated within the T-X-Y motif of the activation loop [10,15].
Upstream MAPK kinases (MAP2Ks) have historically been considered
the principal regulators of MAPK activity. However, recent literature
has shown that phosphatases act as pivotal regulators of many MAPK-
dependent biological processes [16,17]. Dual specificity phosphatases
(DUSPs) are a subclass of protein tyrosine phosphatases that specifically
inhibit MAPK activity through dephosphorylation of ‘both’ threonine
and tyrosine residues. There are ten known DUSPs that are MAPK-
specific; these contain a MAP kinase-binding (MKB) domain that se-
lectively imparts catalytic activity toward ERK, JNK, or p38 [17,18].
These MAPK-specific DUSPs are further classified based on gene
structure, substrate specificity, and subcellular localization into three
groups: 1) nuclear DUSPs (group I), 2) cytosolic ERK-specific DUSPs
(group II) and 3) DUSPs that selectively inactivate the stress-activated
MAPKs (group III). DUSPs are highly inducible at the level of gene
expression in a cell-type and stimulus-dependent manner [17-20].

In this report, we examined the impact of DUSPs on MAPK depho-
sphorylation during TNFa-mediated inflammatory stress using 3T3-L1
murine adipocytes. This cell line afforded the opportunity to examine
nearly homogenous populations of preadipocytes and adipocytes
without macrophage contamination. This study showed that co-
ordinated loss of DUSPs exacerbated MAPK phosphorylation and
proinflammatory gene expression in adipocytes. Future studies in-
vestigating the in vivo physiological function of these DUSPs is likely to
highlight potential therapeutic targets that control MAPK signaling and
MAPK-dependent adipose tissue inflammation.

2. Materials and methods
2.1. Materials

Dulbecco's Modified Eagle's Medium (DMEM), calf bovine serum
(CS), and trypsin-EDTA were purchased from Invitrogen. Fetal bovine
serum (FBS) was obtained from HyClone. The following antibodies
were used for western blot analysis: phospho-ERK, phosho-p38, phos-
phor-JNK, total JNK, total p38, a-Tubulin, and GAPDH (Cell Signaling).
Pharmacological inhibitors of ERK (U0126), JNK (SP600125 and JNK-
VIII), p38 (SB203580) were purchased from CalBiochem. Enhanced
chemiluminescence (ECL) reagents were obtained from Perkin-Elmer
Life Sciences. All Taqman primer probes used in this study
(Supplementary Table S1) were purchased from Applied Biosystems.
The murine 3T3-L1 cell line was purchased from Howard Green,
Harvard Medical School [21].

2.2. Cell culture

3T3-L1 preadipocytes were propagated in DMEM supplemented
with 10% CS until density-induced growth arrest, as previously de-
scribed [22]. At 2 days post-confluence, growth medium was replaced
with DMEM supplemented with 10% FBS, 0.5mM 1-methyl-3-iso-
butylxanthine, 1pM dexamethasone, and 1.7puM insulin (MDI).
Throughout the study, ‘time 0’ refers to density arrested cells im-
mediately before the addition of MDI to the culture medium. Experi-
ments described herein were conducted in density-arrested pre-
adipocytes (d0) and mature adipocytes (d8) stimulated in parallel with
100 pM TNFa. All experiments were repeated at least 3 times to vali-
date results and ensure reliability.

2.3. Immunoblotting

Cell monolayers were washed with phosphate-buffered saline (PBS)
and scraped into ice-cold lysis buffer containing 1.0 M Tris, pH7.4,
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150 mM NaCl, 1% Triton X, 0.5% Nonidet P-40 (NP40), 1 mM EDTA,
1mM EGTA, and 10 mM N-ethylmaleimide. Phosphatase (20 mM f-
glycerophosphate, 10 mM NaFl, and 2 uM sodium vanadate), as well as
protease (0.3 uM aprotonin, 21 uM leupeptin, 1 uM pepstatin, 50 pM
phenanthroline, and 0.5 uM phenylmethylsulfonyl fluoride) inhibitors
were added to lysis buffer prior to cell harvest. Cell lysates were soni-
cated, centrifuged (13,000 Xg, 10min, 4°C), and the supernatant
transferred to a fresh tube. Bicinchoninic acid assay (Pierce, Rockford,
IL) was used to determine protein concentration. Cell lysates were re-
suspended in loading buffer containing 0.25 M Tris, pH 6.8, 4% sodium
dodecyl sulfate (SDS), 10% glycerol, 10% dithiothreitol, and 0.01%
bromophenol blue and heated for 5 min at 80 °C. Proteins were resolved
on SDS-polyacrylamide gel electrophoresis gels (PAGE) and transferred
to polyvinylidene fluoride membranes (Millipore Corp., Billerica, MA).
After transfer, membranes were blocked with 4% milk and probed with
indicated primary antibodies overnight at 4 °C. Membranes were sub-
sequently probed with horseradish peroxidase-conjugated secondary
antibodies for 1 h at room temperature. Immunoblots were immersed in
ECL and visualized by autoradiography using CL-XPosure film (Pierce).

2.4. Real-Time qRT-PCR

Total RNA was extracted and genomic DNA contamination was re-
moved using the RNeasy Plus Mini Kit (Qiagen) following the manu-
facturer's protocol. Total RNA was quantified with a Nanodrop ND-
1000 spectrophotometer and reverse-transcribed to cDNA in a 10pl
reaction volume using a high capacity cDNA reverse transcription kit
(Applied Biosystems). The reverse transcription (RT) master mix con-
taining RT buffer, deoxyribonucleotide triphosphate (ANTP) mix, RT
random primers, RNase inhibitor (1.0 U/ul), and MultiScribe RT was
added to 1 ug RNA and RNase-free water. Reverse transcription reaction
conditions followed the protocol (25 °C for 10 min, 37 °C for 120 min,
85°C for 5s, followed by 4 °C indefinitely/RT complete) and utilized
the Gene Amp PCR System 9700 thermal cycler (Applied Biosystems)
for cDNA synthesis.

PCR amplification was run utilizing the 7500 fast system (Applied
Biosystems) that consisted of enzyme activation at 95 °C for 20s, fol-
lowed by 40 cycles of denaturation at 95 °C for 3 s combined with an-
nealing/extension at 60 °C for 30 s. All data were analyzed with the ABI
7500 real time PCR system (Applied Biosystems). Data were recorded
and analyzed with Sequence Detector Software (Applied Biosystems)
and graphs visualized with SigmaPlot software. All data were presented
as mean * standard error of the mean (SEM) and representative of at
least two experiments performed in duplicate. Data were normalized to
18S previously validated by this lab as a suitable reference gene under
these experimental conditions [23]. Relative differences between
treated and untreated control samples were analyzed by the 2
method as previously described [23,24].

2.5. Statistical analyses were conducted using SPSS v18

Phenotypic differences were determined via student's t-test where a
p-value of < 0.05 was considered significant. Knockdown data were
analyzed using ANOVA, with Tukey's post-hoc analysis used when the p
value for the respective parameter was statistically significant
(p < 0.05). Inhibitor data were analyzed using analysis of variance,
with Dunnett's post-hoc analysis conducted to assess differences from
controls (TNFa) when p < 0.05.

2.6. RNA interference

SMARTpools containing four different short interfering RNAs
(siRNAs) for Duspl, Dusp8, and Duspl6 specific sequences as well as
non-targeting sequences were transfected using DharmaFect 3 trans-
fection reagent according to manufacturer's (Dharmacon) protocol.
Briefly, 3 T3-L1 preadipocytes were propagated in 6-well culture dishes
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until reaching density-induced growth arrest. Growth medium was then
replaced with DMEM supplemented with 10% CS, 3 ul DharmaFect 3
reagent and either 100 nM Duspl, Dusp8, and/or Duspl6 specific
siRNA or non-targeting siRNA for 72h. Growth medium was subse-
quently switched to differentiation medium containing MDI as de-
scribed above.

3. Results

3.1. TNFa-induced changes in MAPK phosphorylation magnitude and
duration in 3T3-L1 adipocytes

The objective of this investigation was to determine if MAPK-spe-
cific phosphatases play a role in modulating the biological outcome of
TNFa activity in cells of adipocyte lineage. Preadipocytes and adipo-
cytes serve unique roles during obesity-induced inflammation. As such,
we began these studies by examining MAPK phosphorylation in each
cell type following TNFa stimulation. For these studies, we used the
3T3-L1 murine adipocyte cell line that yielded quiescent preadipocytes
prior to differentiation and > 90% conversion to mature adipocytes
following differentiation. Cells were differentiated by established pro-
tocol for 8 days to yield functionally mature adipocytes and compared
to undifferentiated, density-arrested preadipocytes of similar passage.
Preadipocytes and adipocytes were stimulated concurrently with in-
creasing concentrations of murine TNFa. Total cell lysates were har-
vested at 15 mins post-stimulation and immunoblotted with antibodies
that recognize dual phosphorylation of p44-ERK1(T202/Y204), p42-
Erk2(T185/Y187), p54-Jnk1(T183-Y185), p46-JNK2(T183/Y185) or
p38(T180/Y182) on residues that are known to be both essential and
sufficient for catalytic activity [10]. The magnitude of phosphospecific
protein accumulation representing all three MAPKs increased in a
concentration-dependent fashion in both preadipocytes and adipocytes,
with an estimated EDs, of approximately 100 pM (Fig. 1A). This con-
centration was selected for further analyses as it approximates the
concentration of TNFa in human and animal models of obesity and has
been shown to suppress insulin signaling in culture [3,6]. Of note, the
magnitude of MAPK phosphorylation was more robust in preadipocytes
relative to adipocytes for any given concentration. This was especially
noted for p38.

To compare differences in MAPK signaling duration, preadipocytes
and adipocytes were stimulated with 100 pM TNFa in parallel and ly-
sates harvested over time. TNFa stimulation resulted in a rapid, but
transient activation of all three MAPKs in preadipocytes where robust
phosphorylation was observed at 15 mins and complete depho-
sphorylation by 60 mins post-TNFa (Fig. 1B). Conversely, the same
concentration of TNFa produced markedly lower magnitude, but sus-
tained duration of JNK and ERK with minimal phosphorylation ob-
served for p38 in mature adipocytes. The abundance of total p38 pro-
tein was not affected by TNFa. Thus, observed changes in MAPK
phosphorylation likely reflect a balance of kinase/phosphatase me-
chanisms that were regulated in a phenotype-specific manner.

3.2. De novo mRNA synthesis regulated MAPK dephosphorylation

Data presented above demonstrated that TNFa stimulation resulted
in robust and transient phosphorylation of all three MAPKs in a cell
type-specific manner. As each kinase was rapidly dephosphorylated in
the continued presence of TNFa, these data support the premise that
MAPK phosphatases modulate magnitude and duration of MAPK ac-
tivity. Many MAPK phosphatases are regulated by rapid changes in
gene expression [17]. Therefore, we postulated that inducible DUSP
expression regulated MAPK dephosphorylation in response to TNFa. To
test this hypothesis, we initially determined if magnitude and/or
duration of MAPK signaling were dependent on de novo mRNA
synthesis. These determinations were performed in preadipocytes as all
three MAPKs were robustly and transiently phosphorylated and
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Fig. 1. Changes in magnitude and duration of MAPK phosphorylation in re-
sponse to TNFa stimulation. (A) Undifferentiated preadipocytes (PA) and ma-
ture adipocytes (AD) were stimulated in parallel with increasing concentrations
of TNFa. Cell lysates were harvested at 15min post-TNFa stimulation and
immunoblotted on the same gel for phosphospecific P-ERK, P-JNK, and P-p38.
(B) Preadipocytes and adipocytes were stimulated in parallel with TNFa (100
pM). Cell lysates were harvested over time following TNFa stimulation and
immunoblotted for phosphospecific P-ERK, P-JNK, and P-p38 as well as total
p38.

dephosphorylated in this cell type. With this reasoning, preadipocytes
were pretreated with and without actinomycin D for 30 mins at a
concentration (1 ng/ml) previously shown to effectively block RNA
synthesis [25,26] prior to TNFa stimulation. Cell lysates were harvested
over time following 100 pM TNFa stimulation. Preventing de novo
mRNA synthesis resulted in increased ERK and JNK phosphorylation
extending from < 60 mins in the absence of actinomycin D to > 2h
when RNA synthesis was inhibited. While the magnitude of p38 phos-
phorylation was increased in the presence of actinomycin D, no effect
on duration was observed (Fig. 2). These effects were not attributed to
generalized stress as actinomycin D treatment for > 4 h in the absence
of TNFa produced no increase in MAPK phosphorylation (data not
shown).

3.3. Phenotype-specific induction of DUSP gene expression following TNFa
stimulation

As the extent of MAPK phosphorylation was dependent on de novo
mRNA synthesis, we tested our hypothesis that inducible DUSPs mod-
ulate MAPK activity following TNFa stimulation. For this, we initially
screened unstimulated preadipocytes for mRNA abundance of all
known DUSPs that contain MKB domains responsible for selective
catalytic activity only toward MAPKs. All ten DUSPs were easily mea-
sured by qRT-PCR within the detectable limits of 36 threshold cycles
(Cr) with Duspl, dusp6, dusp7 and dusplO0 most abundantly and
Dusp2, dusp8 and dusp9 least abundantly expressed (Table 1). This
screen was extended to compare differences in basal DUSP expression
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Fig. 2. Role for de novo mRNA synthesis in MAPK dephosphorylation.
Preadipocytes were stimulated in the presence or absence of actinomcyin D
(1 ng/ml) for 30 mins prior to stimulation with TNFa (100 pM). Cell lysates
were collected over time and immunoblotted for phosphospecific P-ERK, P-JNK,
P-p38, and total p38.

between unstimulated preadipocytes and adipocytes. DUSPs were
grouped based on gene structure, substrate specificity, and subcellular
localization as group I (nuclear), group II (cytosolic, ERK-specific), and
group III (JNK/p38-specific) phosphatases [17,19,20]. Relative mRNA
abundance of Duspl, dusp2, dusp6, and dusp7 was significantly ele-
vated in preadipocytes compared to adipocytes whereas dusp4 and
dusp9 were significantly elevated in adipocytes compared to pre-
adipocytes. Dusp5, Dusp8, Duspl0, and Duspl6 showed no marked
differences in basal expression between these cell types (Fig. 3).

To determine which DUSPs were induced at the level of gene ex-
pression during inflammatory stress, preadipocytes and adipocytes
were stimulated in parallel with 100 pM TNFa and relative mRNA
abundance assessed by qRT-PCR over time. Prior to these studies, we
set an arbitrary threshold of 2-fold change as a conservative measure of
biological differences [27]. Thus, DUSP gene expression was only
considered inducible when relative mRNA levels exceeded this
threshold (dashed line). Determinations were examined over time to
establish when specific DUSPs were induced as well as whether the
induction was transient versus sustained for insight to functional roles.
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Duspl was the only group I phosphatase induced in preadipocytes with
a 20-fold transient increase in relative gene expression peaking at 1h
post-TNFa, consistent with the rapid dephosphorylation of MAPK in
Fig. 4. In addition, Dusp8 and Dusp16 (group III) were rapidly induced
in preadipocytes, but in contrast to Duspl, mRNA levels remained
elevated =4h following TNFa stimulation suggesting regulation of
MAPK duration. Parallel determinations in adipocytes revealed that
Duspl, Dusp5, and Dusp8 were also induced within 2h post-TNFa
stimulation. However, while Dusp8 met our criterion for induction in
both cellular phenotypes, the magnitude of induction was dramatically
greater in preadipocytes versus adipocytes. No member of group II
phosphatases was induced following TNFa stimulation. While there
were similarities DUSP induction between cell types, there were also
differences such as the induction of dusp5 in adipocytes, but not pre-
adipocytes and the induction of Duspl6 in preadipocytes, but not adi-
pocytes (Fig. 4).

While this study focused on inducible DUSPs during inflammatory
stress, it should be noted that select DUSPs were suppressed following
TNFa stimulation. Using a criterion of 0.5 fold changes (i.e., decrease)
in mRNA abundance as an arbitrary threshold for gene suppression
(dotted line), mRNA levels for Dusp2 and dusp4 of group I phosphatases
were suppressed in both cell types where the degree of suppression was
sustained for > 24 h. Dusp9 (group II) was also suppressed, but tran-
siently and only in adipocytes, not preadipocytes (Fig. 4).

3.4. DUSPs regulate MAPK dephosphorylation in response to TNFa

Data presented above demonstrated that select DUSPs were induced
in a manner consistent with divergent regulatory roles in modulating
the extent of MAPK phosphorylation in a cellular phenotype-specific
manner. As Duspl, Dusp8, and Dusp16 were induced in preadipocytes
following transient phosphorylation of all three MAPKs, we focused the
remainder of this study toward understanding the mechanistic role and
regulation of these DUSPs in preadipocytes only. To address this
question, preadipocytes were transfected with short interfering RNA
(siRNA) individually targeted to each DUSP as well as non-targeting
control siRNA for 72h prior to stimulation with 100 pM TNFa. Total
RNA and whole cell lysates were harvested over time and analyzed for
relative mRNA abundance and phosphorylated MAPK protein,

Table 1
DUSP and inflammatory genes analyzed in this study.
Symbol Name/alias Accession AB number Cr
GP MKB NLS NES EJP

Dual specificity phosphatases Duspl MKP-1 I ) [ ] NM_013642 MmO00457274_g1 24
Dusp2 PAC-1 I [ ) [ ] NM_010090 MmO00839675_g1 33
Dusp4 MKP-2 I [ ] ) NM_176933 MmO00723761_m1 28
Dusp5 hVH3 I o [} NM_001085390 MmO01266104_m1 27
Dusp6 MKP-3 I o [ ) E NM_026268 MmO00650255_g1 24
Dusp7 MKP-X II o [ ] E NM_153459 MmO00463228_m1 25
Dusp9 MKP-4 I [ ] [ ] E NM_029352 MmO00512646_m1 31
Dusp8 M3/6 11 ° [ [ ] J/P NM_008748 Mm00456230_m1 32
Duspl0 MKP-5 111 o J/P NM_022019 MmO00517678_m1 24
Duspl6 MKP-7 111 [ ) [ ] [ ) J/P NM_130447 MmO00459935_m1 26

Inflammatory genes IL-6 interleukin-6 NM_031168 Mm99999064_m1 29
Cox-2 cyclooxygenase-2 NM_011198 MmO00478372_m1 28
TNFa tumor necrosis factor-alpha NM_013693 Mm99999068 m1 35
CCL2 monocyte chemoattractant protein-1 (MCP-1) NM_011333 MmO00441242_ m1 21
CCL3 macrophage inflammatory protein (MIP-1a) NM_011337 Mm99999057_m1 36
CCL4 MIP-1f NM_013652 MmO00443111_m1 35
CCL5 Rantes NM_013653 Mm01302428_m1 29
CCL9 MIP-1y NM_011338 MmO00441260_m1 24
CCL12 MCP-5 NM_011331 MmO01617100_m1 34
CCL20 MIP-3A NM_106960 MmO00444228 m1 32

Reference gene 18S 18 ribosomal RNA X03205 4342930E 9

DUSP group (GP), MAPK binding domain (MKB), nuclear localization sequence (NLS), nuclear export sequence (NES), ERK (E), JNK (J), p38 (P), threshold cycle (Cy)

measured in unstimulated preadipocytes, Applied Biosystems (AB).
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Fig. 3. Cell type differences in DUSP mRNA expression. Total RNA was harvested from unstimulated preadipocytes and adipocytes. DUSP mRNA expression was
measured by qRT-PCR. DUSPs were grouped as: nuclear (group I), cytosolic ERK-specific (group II), and DUSPs that selectively dephosphorylate stress activated
MAPKSs (group III). Data were normalized to 18S rRNA and expressed relative to untreated preadipocytes. Statistical significance was determined by Student's t-test (*

p < 0.05).

respectively. Targeted siRNA significantly inhibited TNFa-induced (A)
Duspl, (B) Dusp8, and (C) Duspl6 (Fig. 5). Suppression of Duspl
mRNA increased basal levels of phosphorylated ERK and JNK as well as
the magnitude of TNFa-mediated JNK phosphorylation through 1h
post-stimulation (Fig. 5A; right panel). While Dusp8 siRNA had no
discernable effect on basal phosphorylation, targeted knockdown in-
creased the duration of ERK and JNK through 4 h post-TNFa stimula-
tion (Fig. 5B; right panel). Duspl6 siRNA yielded only a modest in-
crease in magnitude of ERK and JNK (Fig. 5C; right panel). No
discernable effects were noted regarding p38 phosphorylation for
Duspl, Dusp8, or Duspl6.

Individual knockdown demonstrated a role for DUSPs regarding
MAPK signaling. As such, we further investigated the cooperative ac-
tion of inducible DUSPs on MAPK dephosphorylation. For this, pre-
adipocytes were transfected with pools of siRNAs for each DUSP prior
to TNFa stimulation. Pooled siRNA for Duspl, Dusp8 and Duspl6 sig-
nificantly inhibited TNFa-induced DUSP mRNA expression similar to
that shown above for individual DUSP siRNAs (Fig. 6A). Combined
targeted knockdown of all three phosphatases resulted in an increase in
ERK, JNK, and p38 phosphorylation when compared to control
(Fig. 6B). These data demonstrate synergistic activity between phos-
phatases in the regulation of MAPK signaling. It should be noted that
pooled siRNA had an additive effect on both magnitude and duration of
all three MAPKs including p38 relative to that observed when each
DUSP was targeted individually.

3.5. DUSPs modulate proinflammatory gene expression in response to TNFa

Data above demonstrated that specific inducible DUSPs regulate
MAPK dephosphorylation in response to TNFa. As such, we postulated
that DUSPs regulate the extent of TNFa-induced inflammatory gene
expression. To test this, we initially examined changes in mRNA
abundance over time following TNFa stimulation of four diverse,
proinflammatory genes well known to be expressed in preadipocytes
under conditions of inflammatory stress. TNFa stimulation resulted in
rapid and transient changes in MCP-1, IL-6, Cox-2 and TNFa gene ex-
pression in density-arrested preadipocytes (Fig. 7A). To determine a
role for MAPK activity regarding these changes in gene expression,
preadipocytes were pretreated with U0126 (10 uM), SP600125 (20 puM),
and SB203850 (10 uM), representing potent and selective inhibitors of
ERK, JNK, and p38, respectively, for 1 h prior to stimulation with TNFa.
Total RNA was harvested after 2h post-TNFa stimulation corre-
sponding to the time of peak induction for all four proinflammatory
genes. TNFa induction of MCP-1, IL-6, and Cox-2, but not TNFa, was
significantly suppressed by individual MAPK inhibitors; an effect that
was amplified when all inhibitors were used in combination (Fig. 7B).
Cell lysates were also immunoblotted under these conditions to confirm
the efficacy of U0126 eradication of TNFa induced ERK phosphoryla-
tion (Supplementary Fig. S1). As SP600125 and SB203850 target
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catalytic activity and not phosphorylation state per se, efficacies for
these inhibitors were judged by the effect on target gene expression
(Fig. 7B).

To determine a role for DUSPs on MAPK-dependent changes in gene
expression, preadipocytes were transfected with a combination of
Duspl, Dusp8, and Duspl6 siRNAs prior to TNFa stimulation.
Combination knockdown of these DUSPs significantly elevated TNFa-
induction of each proinflammatory gene that was shown above to be
downstream of MAPK activity (Fig. 7C). In contrast, TNFa-mediated
induction in TNFa gene expression was significantly suppressed fol-
lowing DUSP knockdown (Fig. 7C). While TNFa gene expression was
marginally suppressed by MAPK inhibitors, the effects were not sig-
nificant, suggesting that other non-MAPK signaling pathways (e.g.,
NFkB) played dominant roles in regulating the expression of this
proinflammatory gene.

To confirm these effects on biological outcome, we further screened
adipocytes for genes specifically in the chemokine family that were
induced with TNFa and dependent on MAPK signaling. In a manner
consistent with MCP-1 (CCL2) expression, this screen revealed that
CCL3, CCL4, CCL5, CCL9, CCL12 and CCL20 were also detectable in
unstimulated preadipocytes (Table 1), although phenotypic differences
were noted between preadipocytes and adipocytes (Supplementary Fig.
S2A). Chemokine mRNA abundance dramatically and rapidly increased
following TNFa stimulation (Supplementary Fig. S2 B). While these
chemokines fell equally into two groups based on kinetic profiles (i.e.,
rapid vs prolonged), the expression of all six genes was elevated within
2 h of stimulation. For all six genes, pretreatment with MAPK inhibitors
significantly suppressed TNFa stimulation (Supplementary Fig. S3). As
with other MAPK-dependent genes discussed above, combination
knockdown of Duspl, Dusp8, and Dusp16 significantly enhanced che-
mokine gene expression (Supplementary Fig. S4).

3.6. JNK activity is required for TNFa-mediated DUSP8 gene expression

Canonical roles for DUSPs entails MAPK-mediated induction of
phosphatase gene expression that feedback inhibits MAPK activity
[28,29]. To determine if MAPKs regulate TNFa-induced DUSP gene
expression, preadipocytes were pretreated with pharmacological in-
hibitors for MAPK activity prior to TNFa stimulation. Inhibition of
MAPK signaling had no discernable effect on Duspl or Duspl6 gene
expression (Supplementary Fig. S5). However, suppression of JNK ac-
tivity inhibited TNFa-induced changes in Dusp8 gene expression
(Fig. 8A). These effects were confirmed by examining Dusp8 gene ex-
pression in response to two structurally independent inhibitors of JNK
activity (SP600125 and JNK Inhibitor VII). Both inhibitors suppressed
TNFa-mediated induction of Dusp8 gene expression in a similar, con-
centration-dependent manner (Fig. 8B). Collectively, these data de-
monstrate a regulatory feedback loop involving Dusp8 in the regulation
of MAPK dephosphorylation. Signaling pathways coupling Duspl and
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Fig. 4. Several DUSPs are induced in preadipocytes
and adipocytes in response to TNFa. Total RNA was
harvested over time from preadipocytes (closed cir-
cles) and adipocytes (open circles) stimulated con-
currently with TNFa (100 pM). DUSP mRNA ex-
pression was assessed by qRT-PCR. DUSPs were
grouped as: nuclear (gpl), cytosolic ERK-specific
(gp2), and DUSPs that selectively dephosphorylate
stress activated MAPKs (gp3). All data were nor-
malized to 18S rRNA and expressed relative to un-
treated cells. Genes were selected as ‘inducible’ when
upregulated above a 2-fold criterion indicated by the
dashed line, while genes were considered suppressed
that fell below a 0.5 criterion indicated by the dotted
line on the graph.
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Duspl6 with TNFa activity are still under investigation.

4. Discussion

The findings of this study define DUSPs as negative regulators of
preadipocyte inflammatory gene expression that function by mod-
ulating MAPK dephosphorylation. We propose a model in which JNK-
dependent and MAPK-independent induction of Dusp8 and Dusp1/16,
respectively, regulate the extent of ERK, JNK, and p38 signaling that
links TNFa to inflammatory gene expression (Fig. 9). Collectively, these
findings establish a previously unreported role for these three DUSPs in
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Fig. 5. Duspl, Dusp8 and Duspl6 regulate MAPK signaling in
preadipocytes in response to TNFa. Preadipocytes were trans-
fected with non-targeting control siRNA or siRNA specific for (A)
Duspl, (B) Dusp8, or (C) Dusp16 for 72 h prior to TNFa (100 pM)

P-ERK

P-JNK stimulation. Total RNA was harvested at the indicated times post-
TNFa stimulation and qRT-PCR used to examine mRNA expression
of each DUSP (left-panels). Data were normalized to 18S rRNA and

P-p38 . : . .
changes in gene expression measured as fold differences relative to
unstimulated control siRNA. Statistical differences were de-

INK termined by ANOVA, with Tukey's post-hoc analysis performed

when the p value for the respective parameter was statistically
significant (p < 0.05). Cell lysates were collected over time post-
TNFa stimulation and immunoblotted for phospho-ERK, JNK, and
p38 along with total JNK and GAPDH (right panels).

GAPDH
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P-p38

JNK

GAPDH
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the control of preadipocyte MAPK signaling and inflammatory gene
expression.

The etiology of most obesity-related comorbidities involves an
adipose tissue-derived inflammatory response where preadipocytes,
adipocytes, and macrophages produce and secrete numerous proin-
flammatory molecules in response to metabolic stress [30-32]. While
both preadipocytes and adipocytes play critical roles in the initiation of
adipose tissue inflammation, some reports have suggested that pre-
adipocytes are generally more inflammatory than adipocytes [30,33].
Transcriptional profiling studies have further demonstrated that mac-
rophages and preadipocytes are genetically related [34] and that
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preadipocytes may, in part, originate from adipose tissue macrophages
[35]. Consistent with this premise, preadipocytes share many traits
with macrophages such as phagocytosis and expression of membrane-
bound NADPH oxidases and have been shown to transdifferentiate into
macrophage-like cells [36]. We report here that the magnitude of ERK,
JNK and p38 dual phosphorylation on residues that are necessary and
essential for signaling activity was greater in preadipocytes than adi-
pocytes when cells were stimulated concurrently with TNFa, suggesting
that preadipocytes were more responsive to inflammatory stimuli.
Molecular mechanisms that underlie adipose tissue inflammation
during the onset of obesity include the expression and release of various
chemokines (i.e., MCP-1) and cytokines (i.e., TNFo and IL-6) that
promote infiltration of macrophages and insulin resistance [1,3,4].
Previous reports demonstrate that MAPK activation results in increased
inflammation, in part, through activation of downstream transcrip-
tional programs (e.g. AP-1) involved in proinflammatory cytokine
production [2,12,14,32]. Along these lines, we report that several
proinflammatory cytokines and chemokines were induced at the level
of gene expression in preadipocytes in response to TNFa. However,
others have shown that the duration of MAPK phosphorylation is also
important in controlling biological processes. For instance, prolonged
phosphorylation of JNK inhibits insulin signaling through cytosolic
regulation of IRS-1 signaling as well as inflammatory gene expression
[12,13]. Thus, differences in magnitude and duration of MAPK phos-
phorylation that we observed between preadipocytes and adipocytes

adipocytes in response to TNFa. Preadipocytes were
transfected for 72 h with non-targeting control siRNA
or pooled siRNAs for Duspl, Dusp8, and Duspl6
prior to TNFa (100 pM) stimulation. (A) Total RNA
was harvested at the indicated times post-TNFa sti-
mulation and qRT-PCR used to assess mRNA ex-
pression. Data were normalized to 185 rRNA and
changes in gene expression measured as fold differ-
ences relative to unstimulated control siRNA.
Significant differences were determined by ANOVA
with Tukey's post-hoc analysis performed when the p
value for the respective parameter was statistically
significant (p < 0.05). (B) Cell lysates were col-
lected over time post-TNFa (100 pM) stimulation
and immunoblotted for phospho-ERK, JNK, and p38
as well as a-Tubulin.

b b

0hr 2hr

Time post-TNF«
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P-JNK
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a-Tubulin

(Fig. 1A&B) may contribute to diverse inflammatory potential and ul-
timately lead to maladaptive processes responsible for metabolic in-
flammatory diseases.

MAPK-specific DUSPs constitute a structurally distinct family of 10
proteins characterized by a carboxy-terminal dual-specificity phospha-
tase domain and an amino-terminal MAPK binding domain [18,19].
DUSPs are further classified based on gene structure, substrate speci-
ficity, and subcellular localization into three groups: (i) nuclear DUSPs,
(ii) cytosolic ERK-specific DUSPs, and (iii) DUSPs that selectively in-
activate stress-activated MAPKs (i.e., JNK, p38).

Studies examining the functions of DUSPs in adipose tissue have
emerged over the last several years. Of the inducible DUSPs, Dusp1 has
been given considerable attention in the field of obesity, inflammation,
and diabetes [37-42], where ablation of Duspl protects mice from diet-
induced obesity [41] yet negatively correlates with MAPK-dependent
proinflammatory status [39,40]. In addition, ectopic expression of
Duspl attenuates MAPK signaling and stress-induced insulin resistance
in adipocytes [37]. Similarly, ectopic expression of Dusp9 inhibits
adipocyte differentiation and stress-induced insulin resistance in adi-
pocytes. Further, Marcotorchino and colleagues [43] demonstrated that
vitamin D-mediated suppression of inflammation in adipocytes was
associated with increased expression of Duspl, —10, and — 16, al-
though direct impacts for these DUSPs weren't investigated. Recently,
Dusp5 was implicated in adipose tissue inflammation, in which, we
demonstrated that genetic loss of Dusp5 in vitro and in vivo
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relative mMRNA abundance

Fig. 7. TNFa-induced MAPK-dependent and MAPK-independent proinflammatory gene expression. (A) Total RNA was harvested over time from preadipocytes
stimulated with 100 pM TNFa. Proinflammatory gene expression of MCP-1, IL-6, Cox-2, and TNFa was examined by qRT-PCR. Genes were selected as ‘inducible’
when upregulated above a 2-fold criterion. (B) Preadipocytes were pretreated (1 h) in the presence of inhibitors for ERK (U0126, 10 uM), JNK (SP600125, 20 uM), or
p38 (SB203850, 10 uM) prior to TNFa stimulation. Total RNA was harvested 2 h post-TNFa stimulation and mRNA expression assessed by gqRT-PCR. Nomenclature
assigned as: T (TNFa), T + E (TNFa +ERK inhibitor), T + J (TNFa+JNK inhibitor), T + P (TNFa + p38 inhibitor), or TEJP (TNFa +ERK + JNK + p38 inhibitors).
Data were expressed relative to unstimulated cells and normalized to the 18S rRNA. Statistical significance was determined by ANOVA with Dunnett's post-hoc
analysis conducted to assess differences from TNFo when p < 0.05. (C) Preadipocytes were transfected for 72 h with non-targeting control siRNA or combined pools
of siRNAs for Duspl, Dusp8, and Dusp16 prior to TNFa (100 pM) stimulation. Total RNA was collected at O h or 2 h post-TNFa stimulation and qRT-PCR used to
examine MCP-1, IL-6, Cox-2, and TNFa. Significant differences were determined by ANOVA with Tukey's post-hoc analysis performed when the p value for the
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Fig. 8. JNK activation is essential for Dusp8 gene expression. A) Preadipocytes
were pretreated (1 h) in the presence of inhibitors for ERK (U0126, 10 uM), JNK
(SP600125, 20 uM), or p38 (SB203850, 10 uM) prior to TNFa (100 pM) sti-
mulation. Total RNA was harvested 1 h post-TNFa. Duspl, Dusp8, and Duspl6
mRNA expression was examined by qRT-PCR. Nomenclature assigned as: T
(TNFa), T + E (TNFa + ERK), T + J (TNFa + JNK), T + P (TNFa + p38), or
TEJP (TNFa +ERK + JNK + p38). (B) Preadipocytes were pretreated (1h)
with increasing doses of two independent JNK inhibitors (SP600125 or JNK
inhibitor VIII) prior to 100 pM TNFa stimulation (1 h treatment). Total RNA
was harvested and qRT-PCR used to assess Dusp8 mRNA expression. All data
were expressed relative to unstimulated cells (NS) and normalized to 18S rRNA.
Statistical significance was determined by ANOVA with Dunnett's post-hoc
analysis conducted to assess differences from TNFa when p < 0.05.

exacerbated TNFa-induced inflammation [44]. Reports on Dusp6 defi-
cient mice appear inconsistent, while one group reported protection
from diet-induced obesity and glucose intolerance [45], another group
observed minimal impact on obesity and impaired glucose intolerance
[46].

Much more is known regarding the roles for DUSPs in the regulation
of inflammation and the immune response [17]. The archetypal DUSP,
Duspl has been shown to negatively regulate proinflammatory gene
expression in bone marrow derived macrophages via inactivation of
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Fig. 9. Working model for a role of DUSPs in adipocytes during inflammatory
stress. Working model illustrating a role for Duspl, Dusp8 and Duspl6 in
modulating the magnitude and duration of MAPK signaling in response to TNFa
stimulation in adipocytes. While Dusp8 was shown to be downstream of MAPK

signaling, Dusp1 and Dusp16 were induced by MAPK-independent mechanisms
(dotted line).

dusp8
inflammatory genes

p38 MAPK [47]. Similarly, Dusp4 was shown to negatively regulate
macrophage M1 activation via inactivation of JNK/p38 MAPK sig-
naling; this resulted in attenuated inflammation in response to macro-
phage-adipocyte interactions [48]. Pharmacological and genetic loss of
DusplO resulted in exacerbated p38 phosphorylation and proin-
flammatory gene expression in J774 murine macrophages [49]. In
mice, Dusp6 ectopic expression has been shown to reduce parasite-
mediated infection, in part, by regulating the CD40-redirected immune
response [50]. Lastly, loss of function studies demonstrate an inverse
relationship with Dusp8 and Duspl6 on JNK/p38-dependent in-
flammation in macrophages [17,51] as well as an essential role for
Duspl6 on perinatal survival mediated by JNK-IL-12p40-depedent
regulation [52]. Taken together, our findings reveal a role for Duspl
and novel functions for Dusp8/16 as endogenous inhibitors of pre-
adipocyte MAPK signaling and MAPK-dependent inflammatory gene
expression.

While we did not examine the individual role for Duspsl, 8 and 16
on preadipocyte inflammatory gene expression, we did observe changes
in MAPK signaling. Based on previous reports noted above, we would
postulate that individual loss of DUSP expression would likely yield
modest changes in proinflammatory gene expression; coordinated loss
of function exacerbated this phenotype.

Canonical DUSP regulation involves feedback inhibition [19,28,29];
in which MAPKs induce DUSPs that, in turn, dephosphorylate MAPKs.
However, recent investigations demonstrate that multiple signaling
pathways such as protein kinase A (PKA) and PKC as well as NF-kB can
regulate inducible DUSPs [53-56]. By consequence, it has been hy-
pothesized that signaling cross-talk is mediated by MAPK-dependent
and independent regulation of DUSPs. Indeed, studies demonstrate that
MAPKs cross-talk with several signaling pathways involving cAMP,
janus kinase-signal transducer and activator of transcription (JAK-
STAT), and phosphatidylinositol 3-kinase (PI3K) [10,57,58]. Consistent
with this notion, we report that only Dusp8 was downstream of JNK
phosphorylation, while Duspl/16 were regulated by MAPK-in-
dependent pathways (Fig. 9). Thus, MAPK-independent regulation of
Duspl/16 potentially contributes to intracellular signaling cross-talk,
while JNK-dependent regulation of Dusp8 contributes cross-talk within
the MAPK family. Moreover, DUSP-mediated amplification of MAPK
signaling have the potential to alter other intracellular signaling
pathway(s), potentially contributing to the regulation of MAPK-in-
dependent genes such as that observed for TNFa (Fig. 8). Consistent
with our findings, others have shown that sustained JNK phosphor-
ylation in response to mitogenic stimuli blocks ERK activation in COS-7
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cells via transcriptional mediated processes [59], with recent reports
suggesting a positive regulation of ERK from the JNK phosphatases
Duspl0/16 [60]. Taken together, cross-talk within and between sig-
naling modules potentially occur, in part, through the regulation of
inducible DUSPs, prospectively contributing to MAPK-dependent and
-independent regulation of inflammatory gene expression.

In summary, data outlined here highlight the importance of timely
MAPK phosphorylation and dephosphorylation resulting from upstream
kinases and downstream phosphatases in the regulation of in-
flammatory gene expression in preadipocytes. We demonstrate that
MAPK-dependent and —independent regulation of DUSPs is essential for
MAPK dephosphorylation. Moreover, we show that coordinated loss of
DUSP function plays an essential role in the regulation of MAPK-de-
pendent inflammatory gene expression. Further research is needed to
determine if these actions are critical for linking obesity to metabolic
inflammatory diseases. Future investigation of DUSPs in vivo may un-
cover novel therapeutic targets for the treatment and prevention of
adipose tissue inflammation and obesity-induced insulin resistance.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cellsig.2018.10.011.
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