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Recognition of invading pathogens by Toll-like receptors (TLRs)
activates innate immunity through signaling pathways that
involved multiple protein kinases and phosphatases. We previ-
ously demonstrated that somatic nuclear autoantigenic sperm pro-
tein (sNASP) binds to TNF receptor–associated factor 6 (TRAF6) in
the resting state. Upon TLR4 activation, a signaling complex con-
sisting of TRAF6, sNASP, interleukin (IL)-1 receptor–associated
kinase 4, and casein kinase 2 (CK2) is formed. CK2 then phosphory-
lates sNASP to release phospho-sNASP (p-sNASP) from TRAF6, initi-
ating downstream signaling pathways. Here, we showed that
protein phosphatase 4 (PP4) is the specific sNASP phosphatase
that negatively regulates TLR4-induced TRAF6 activation and its
downstream signaling pathway. Mechanistically, PP4 is directly
recruited by phosphorylated sNASP to dephosphorylate p-sNASP
to terminate TRAF6 activation. Ectopic expression of PP4 specifi-
cally inhibited sNASP-dependent proinflammatory cytokine pro-
duction and downstream signaling following bacterial
lipopolysaccharide (LPS) treatment, whereas silencing PP4 had the
opposite effect. Primary macrophages and mice infected with
recombinant adenovirus carrying a gene encoding PP4 (Ad-PP4)
showed significant reduction in IL-6 and TNF-α production. Sur-
vival of Ad-PP4–infected mice was markedly increased due to a
better ability to clear bacteria in a sepsis model. These results indi-
cate that the serine/threonine phosphatase PP4 functions as a neg-
ative regulator of innate immunity by regulating the binding of
sNASP to TRAF6.
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Toll-like receptors (TLRs) are crucial for initiating the innate
immune response and are initiated by recognizing

pathogen-associated molecular patterns (PAMPs) such as bac-
terial lipopolysaccharide (LPS) (1–3). Upon detection of
PAMPs, most TLRs (except TLR3), associate with the adaptor
protein MyD88, which initiates the signaling process through
interleukin 1 receptor–associated kinases and subsequently
promotes the auto-ubiquitination of TNF receptor–associated
factor 6 (TRAF6). Ubiquitinated TRAF6 then transmits intra-
cellular signals through phosphorylation of transforming
growth factor β-activated protein kinase 1 (TAK1), which
results in the activation of mitogen-activated protein kinases
(MAPKs) and nuclear factor kappa B (NF-κB) and subsequent
production of a wide range of immune stimulatory cytokines
and chemokines to aid against invading microorganisms (1, 4,
5). Dysregulation of TLRs signaling was implicated in human
diseases, including sepsis, autoimmune diseases, cancer, and
pulmonary fibrosis (6–13). Thus, tight regulation of TLRs sig-
naling is necessary for homeostasis of an appropriate immune
response.

Reversible protein phosphorylation and dephosphorylation
serve as regulatory switches by regulating the activation and
deactivation of multiple TLR-dependent signaling molecules,

such as extracellular signal–related kinase (ERK), c-jun N-ter-
minal kinase (JNK), p38α MAPK, IκB kinase (IKK), and
interferon regulatory factor 3 (IRF3) (4, 14). The role of kin-
ases in regulating the response of macrophages to TLR signal-
ing has been extensively studied. Phosphorylation of both p38α
and JNK directly mediated by TAK1 is critical for TLR-
induced MAPK activation (15). The NF-κB subunit precursor
protein p105 undergoes phosphorylation, which is necessary for
K48-linked ubiquitylation and proteasome-mediated proteolysis
of the IKK complex (16). Moreover, casein kinase 2 (CK2) was
found to phosphorylate IκBα and the p65 unit to regulate
NF-κB–mediated inflammation (17, 18). Our previous study
has also indicated that CK2-mediated phosphorylation of
somatic nuclear autoantigenic sperm protein (sNASP) is a key
element activating TRAF6 downstream signaling during LPS
stimulation, but it is still unknown how the sNASP/TRAF6-
mediated pathway is negatively regulated (19).

Many proteins were identified that limit TLR signaling
through regulating protein dephosphorylation, such as SH2-
containing protein tyrosine phosphatase 2 (SHP-2) (20), NLR
family member X1 (21), NLRP6 (22), and protein phosphatase
2A (PP2A) (23). As an example, PP2A suppresses TLRs-
triggered type I IFN signaling by deactivation of IRF3 via
dephosphorylation. Furthermore, PP2A-deficient macrophages
showed enhanced type I IFN signaling upon stomatitis virus
infection (23). SHP-2 negatively regulated TLR4- and TLR3-
activated IFN-β and production of proinflammatory cytokines,
interleukin (IL)-6 and TNF-α, by directly binding TANK bind-
ing kinase (20). Here, we report that the serine and threonine
protein phosphatase 4 (PP4) is the phosphatase for phosphory-
lated sNASP and that after TLR4 stimulation, phospho-sNASP
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(p-sNASP) is dephosphorylated to return to a resting state.
Our results also suggested that dephosphorylation of sNASP
plays an essential role in the regulation of the LPS signaling
cascade. The interaction between sNASP and PP4 is mediated
by phosphorylation of sNASP by CK2. The phosphorylated
sNASP/PP4 complex was found to transiently form upon LPS
challenge. In vivo, PP4 overexpression alleviates the expression
of proinflammatory cytokine in macrophages and protects mice
from endotoxic shock. Thus, we present a critical role of PP4 in
TLR signaling that targets phosphorylated sNASP, which con-
tributes to homeostasis of the TLR/sNASP/TRAF6 axis in the
innate immune response.

PP4 is a serine/threonine protein phosphatase that is com-
prised of a catalytic subunit (PP4C) and regulatory subunits
PP4R (24, 25). PP4 has been highly conserved during eukaryote
evolution, suggesting that PP4, like PP2A and PP6, might have
critical functions in vivo (26). Although previous studies
showed that PP4 was implicated in many cellular processes,
including organelle assembly (27, 28), DNA damage repair
(29), embryo development (30), pro-B-cell development (31),
and regulatory T cell functions (32), its roles in regulation of
proinflammatory signaling and innate immunity have not been
demonstrated. In the present study, we identified serine/threo-
nine phosphatase PP4 as a specific phosphatase for sNASP that
is essential for the termination of TRAF6 activation. This
knowledge may help in the developing therapeutic strategies
for deregulating proinflammatory cytokine.

Results
PP4 Mediates Dephosphorylation of sNASP and Inhibits Activation
of NF-κB. Phosphorylation of sNASP by CK2 is a critical step in
activating innate immune responses (19). However, the under-
lying mechanism behind termination of sNASP-mediated
immune responses is still unclear. Here, we showed that PP4
binds to and dephosphorylates p-sNASP to regulate TRAF6
signaling. To determine whether sNASP is a direct target of
PP4, we transfected GFP-sNASP and CK2 subunits composed
of two catalytic subunits (HA-CK2α and HA-CK2α’) and one
regulatory subunit (Myc-CK2β) into HEK293 cells with PP4
wildtype (WT) or mutant and then performed coimmunopreci-
pitation experiments. Consistent with our previous results,
overexpression of the CK2 subunits resulted in a marked
increase in serine-phosphorylation of sNASP. However,
HEK293 cells expressing WT PP4, but not the PP4
phosphatase-inactive mutant, exhibited markedly reduced
serine-phosphorylation of sNASP (Fig. 1A). Similar results
were confirmed in THP-1 cells with dephosphorylation of CK2-
mediated endogenous p-sNASP by PP4 WT, not mutant (Fig.
1B). LPS-induced phosphorylation of endogenous sNASP was
decreased when PP4 overexpressed in THP-1 cells (SI
Appendix, Fig. S1A). Moreover, phosphorylation of sNASP was
not affected by PP2A or PP6 (SI Appendix, Fig. S2). Taken
together, these experiments indicate that p-sNASP is a selective
substrate for PP4 in vivo.

Because the phosphorylation status of sNASP regulates
interaction between TRAF6 and sNASP (19), we asked
whether PP4 also regulates interaction between TRAF6 and
sNASP following LPS stimulation. SI Appendix, Fig. S1A also
shows that overexpression of PP4 retains sNASP interaction
with TRAF6 following LPS stimulation, suggesting that dephos-
phorylation of sNASP by PP4 regulates the interaction of
TRAF6 and sNASP during TLR4 signaling. To further test
whether PP4 is important in regulating TLR4 signaling, endog-
enous TAK1/p38 MAPK/JNK activation was examined in THP-
1 cells for up to 8 h after LPS treatment. SI Appendix, Fig. S1B
shows that LPS-induced phosphorylation of TAK1, p38 MAPK
and JNK was significantly decreased when PP4 was

overexpressed in THP-1 cells, compared to empty vector (EV).
Furthermore, PP4 was found to inhibit TRAF6-mediated
NF-κB activation in a dose-dependent manner (Fig. 1C). Col-
lectively, these results suggest that PP4 is a negative regulator
of the LPS-induced innate immune response.

PP4 Knockdown Enhanced Proinflammatory Cytokine Production by
LPS. We further demonstrated the biochemical and biological
effects of PP4 by knocking-down PP4. PP4 small interfering (si)
RNA (siPP4) was transfected into THP-1 cells, which signifi-
cantly reduced the endogenous protein level of PP4, while the
control siRNA (siNT) had no effect on PP4 expression (Fig.
1D). As shown in Fig. 1D, PP4 knockdown prolonged the phos-
phorylation status of sNASP for up to 8 h following LPS stimu-
lation. Interestingly, endogenous sNASP dissociated from
TRAF6 in cells transfected with siPP4 faster than siNT, suggest-
ing that increased phosphorylation of sNASP by siPP4 in cells
also facilitates its disassociation from TRAF6.

Next, we examined whether silencing of endogenous PP4
affected the LPS/TLR4 signaling cascade in a time-dependent
manner. The Western blot analysis confirmed that phosphoryla-
tion of endogenous TAK1, p38 MAPK, and JNK was increased
when PP4 was knocked down (Fig. 1E). Furthermore, knock-
down of PP4 significantly increased the production of IL-6 and
TNF-α at the level of both mRNA and protein (Fig. 2 A and
B). Significantly, enhancement of proinflammatory cytokines
was initially observed from 4 h to 8 h after LPS treatment in
siPP4-expressing cells. These findings further confirmed that
PP4 negatively regulates TLR4-induced proinflammatory cyto-
kine responses.

PP4 Negatively Regulates Proinflammatory Cytokine Responses
That Are Mediated by sNASP. To investigate how PP4 functions in
the negative regulation of TLR4 signaling activation, we per-
formed real-time PCR and ELISA by transfection with PP4-
expressing plasmid in the absence or presence of small interfer-
ing RNA NASP (siNASP) and stimulated these cells with LPS.
Overexpression of PP4 resulted in a dramatic reduction of
LPS-induced TNF-α and IL-6 at the level of both mRNA and
protein, compared to WT (Fig. 2 C and D). However, loss of
sNASP completely eliminated the effects of PP4 on TNF-α and
IL-6 production (Fig. 2 C and D), suggesting that sNASP is
required for PP4 to suppress the LPS-triggered proinflamma-
tory cytokines. The Western blot analysis confirmed the appro-
priate overexpression of PP4 and down-regulation of sNASP
(SI Appendix, Fig. S3). In additional, silencing NASP alone
exhibited spontaneous IL-6 and TNF-α productions indepen-
dent of LPS stimulation, which is similar to our previous data
(19). These results suggested that PP4 negatively regulates the
activation of LPS-triggered TLR4 pathway by regulating the
phosphorylation status of sNASP.

PP4 Directly Interacts With Phosphorylated sNASP. Next, we inves-
tigated whether PP4 could interact with sNASP during the reg-
ulation of TLR4 signaling. Immunoprecipitation assays showed
that endogenous PP4 was associated with phosphorylated
endogenous sNASP in macrophages 1 h after LPS treatment
(Fig. 3A). The interaction between PP4 and p-sNASP was
observed 1 to 3 h following LPS stimulation and was correlated
with dissociation of sNASP from TRAF6 and TRAF6 ubiquiti-
nation (Fig. 3A). This is specific because p-sNASP did not
interact with PP2A or PP6 (Fig. 3A). To further determine
whether phosphorylation of sNASP directly associated with
PP4, THP-1 cells were cotransfected PP4 with sNASP WT or
various phosphor mutants and then coimmunoprecipitated with
PP4. Two sNASP mutants were used in this study: one is
sNASP S158E, a phosphomimetic mutant (serine-to-glutamic
acid substitution) to mimic constitutive sNASP phosphorylation

2 of 10 j PNAS Yang et al.
https://doi.org/10.1073/pnas.2107044118 Regulation of TLR4 signaling through the TRAF6/sNASP axis by reversible

phosphorylation mediated by CK2 and PP4

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107044118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107044118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107044118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107044118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107044118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107044118/-/DCSupplemental


on serine 158 residue, and the other is sNASP S158A (serine-
to-alanine acid substitution), which is a mutant serine 158 to
phosphorylation-deficient mutant (19). There was a clear inter-
action between PP4 WT and the phosphomimetic sNASP
S158E mutant but not phosphorylation-deficient sNASP S158A
mutant (Fig. 3B). Furthermore, PP4 had a much higher affinity
for the sNASP S158E mutant than to the WT (Fig. 3B). Similar
results were found in an in vitro assay. Purified green fluores-
cent protein (GFP)-tagged sNASP was incubated with recombi-
nant CK2 in the presence or absence of the PP4 recombinant

protein. Phosphorylation of sNASP was detected in the pres-
ence of CK2 but not found when coincubated with the PP4
recombinant protein in vitro (Fig. 3C). Furthermore, GFP-
tagged sNASP interacted with the PP4 recombinant protein
only in the presence of recombinant CK2 (Fig. 3C), suggesting
that PP4 can directly interact with phosphorylated sNASP to
regulate its phosphorylation status.

Two studies have revealed that PP4 can inhibit NF-κB activa-
tion through suppressing the ubiquitination of TRAF6 (33, 34),
which is similar to our NF-κB activity assay shown in Fig. 1C.
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Fig. 1. PP4 dephosphorylates sNASP and inhibits LPS-induced NF-κB activation. (A) IP of sNASP (with anti-GFP) from HEK293 cells transfected with GFP-
tagged sNASP in the presence (+) or absence (�) of Myc-tagged CK2β, HA-tagged CK2 catalytic subunits (CK2α and CK2α’), HA-tagged WT PP4 (HA-PP4),
or mutant (mut), assessed by IB with antibodies against phosphorylated serine (pSerine) or anti-GFP after IP with anti-GFP. TCL was IB with anti-HA, anti-
Myc, or anti–β-actin. (B) Cell lysates from THP-1 cells transduced with indicated CK2 subunits, HA-PP4 WT or mut was immunoprecipitated using
anti-sNASP and immunoblotting conducted as in A. (C) Luciferase activity in HEK293 cells transfected with a luciferase reporter vector driven by an
NF-κB-responsive promoter, plus EV or vector encoding TRAF6 and increasing concentrations of a vector encoding PP4. Results were standardized to EV
(set as 1). Data are the mean ± SE for each group. *P < 0.05 (by Student’s t test). (D) THP-1 cells were transfected with siRNA negative control (siNT) or
siPP4, followed by IB with antibodies against phosphorylated serine (pSerine), TRAF6, or sNASP after IP with anti-sNASP. TCL IB was done with anti-
TRAF6, anti-HA, or anti–β-actin. (E) IB of indicated antibodies in LPS-stimulated THP-1 cells transduced with siNT or siPP4. Data represent a minimum of
three independent experiments.
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Fig. 2. PP4 negatively regulates proinflammatory cytokine production through sNASP. (A and C) RNA expression level of TNF-α and IL-6 in RAW264.7
cells transduced with (A) siNT or siPP4, (C) EV, HA-tagged PP4 with or without siNASP, and stimulated with LPS. Results were normalized to the expression
of ACTB (encoding β-actin) and are presented relative to those of untreated cells. (B and D) Production of TNF-α and IL-6 by RAW264.7 cells transduced as
in A and C and stimulated with LPS. Data are the mean ± SE for each group. *P < 0.05, **P < 0.01 (by one-way ANOVA). Data represent a minimum of
three independent experiments.
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Fig. 3. PP4 interacts with phosphorylated sNASP and inhibits TRAF6 ubiquitination through sNASP. (A) THP-1 cells were stimulated with LPS for different
time points and assessed by IB with indicated antibodies after IP with anti-sNASP or anti-TRAF6. TCL IB was done with the indicated antibodies. (B) 293T
cells were transfected with GFP-sNASP WT or S158A or S158E mutants, followed by IB with antibody against GFP or HA after IP with anti-HA. TCL IB was
done with anti-GFP or anti–β-actin. (C) Purified GFP-tagged sNASP protein was incubated with CK2 kinase with or without recombinant PP4 protein. The
reaction products were followed by IB with antibodies against phosphorylated serine (pSerine), GFP or HA after IP with anti-GFP. TCL IB was done with
anti-HA. (D) IP of TRAF6 (with anti-TRAF6) from THP-1 cells transfected with EV or HA-tagged PP4 (HA-PP4), simulated with LPS and followed by IB with
antibody against TRAF6 or Ub. TCL IB was done with anti-HA and β-actin. (E) siNT or siPP4-treated THP-1 cells were stimulated with LPS, followed by IP
and IB with indicated antibodies. (F) IP of Flag-TRAF6 (with anti-Flag agarose) from HEK293 cells transfected with siNT or siNASP in the presence (+) or
absence (–) of Flag-TRAF6, RGS-Ub, HA-PP4 WT, or mutant, followed by IB with antibodies against Flag or Ub. TCL IB was done with anti-sNASP, anti-HA,
and β-actin. Data represent a minimum of three independent experiments.
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Next, we thought to evaluate whether increase or reduction of
PP4 protein level would affect the TRAF6 activation. Results
indicated that PP4 overexpression reduced autoubiquitination of
TRAF6 in both HEK293 and THP-1 cells (Fig. 3D and SI
Appendix, Fig. S4A). Conversely, knockdown of PP4 significantly
increased the ubiquitination levels of TRAF6 (Fig. 3E and SI
Appendix, Fig. S4B). These results also provided supportive evi-
dence that PP4 inhibits TRAF6-dependent activation of NF-κB
(Fig. 1C) by negatively regulating the TRAF6 polyubiquitination.
The presence of sNASP was shown to be important for PP4-
mediated down-regulation of proinflammatory cytokine produc-
tion in response to LPS (Fig. 2 C and D). So, we hypothesized
that sNASP is a key element in reducing TRAF6 autoubiquitina-
tion by PP4, which in turns leads to the inhibition of IL-6 and
TNF-α cytokines production. Moreover, ubiquitination of
TRAF6 was markedly reduced by overexpression of PP4 WT, but
not PP4 mutant (Fig. 3F and SI Appendix, Fig. S4A), suggesting
that the phosphatase activity of PP4 is critical for suppressing
TRAF6 polyubiquitination. On the other hand, ubiquitination of
TRAF6 was not affected by either PP4 WT or mutant in the
absence of sNASP (Fig. 3F). These results clearly indicated that
sNASP is a necessary component involved in the PP4-mediated
negative regulation of the TLR4/TRAF6 pathway.

PP4 Suppresses Inflammatory Cytokine and Chemokine Production
Triggered by LPS in Primary Bone Marrow–Derived Macrophage. As
PP4 overexpression resulted in inhibition of TRAF6 signaling
and lower production of proinflammatory cytokines in cell lines
(Fig. 2 C and D), we sought to assess if those changes also
occurred in primary bone marrow–derived macrophages
(BMDMs) with LPS. We isolated primary BMDMs from WT B6
mice and then infected with either adenoviruses expressing
HA-tagged PP4 WT (Ad-PP4) or mutant (Ad-PP4mut). Adeno-
viruses expressing EV (Ad-PGK) were used as a negative control.
Consistent with the results obtained with THP-1 (SI Appendix,
Fig. S1B), inhibition of phosphorylation levels of TAK1, p38, and
JNK was also observed in PP4 WT-overexpressed primary
BMDMs but not PP4 mutant (Fig. 4A). There were much lower
expression of the inflammatory cytokine-encoding genes, IL-6
and TNF-α, in PP4 WT-expressed cells than EV or PP4 mutant
expressing cells after stimulation with LPS (SI Appendix, Fig.
S5A). However, we found no difference in the anti-inflammatory
cytokine IL-10 production (SI Appendix, Fig. S5B). Additionally,
primary BMDMs with Ad-PP4 secreted much fewer chemokines
such as CXCL-1, CXCL-9, and IL-15 than with either control
vector or Ad-PP4mut in response to LPS (SI Appendix, Fig.
S5C). Taken together, our results further demonstrated that PP4
can influence proinflammatory and chemokine production
depending on its phosphatase activity in primary BMDMs.

PP4 Protects Mice Against Endotoxin Challenge. To verify the func-
tional role of PP4 as an attenuator of LPS stimulation in an ani-
mal model, we injected either Ad-PP4 or Ad-PP4mut into
mice. Four days later, mice with Ad-PP4 or Ad-PP4mut injec-
tion both displayed a marked increase in the PP4 protein level
in the liver and moderate increases in the kidneys, intestines,
and lungs compared to the control group (SI Appendix, Fig.
S6). Then, we evaluated the effects of Ad-PP4 in two different
models of endotoxemia [injection with LPS and cecal ligation
puncture (CLP)] in mice. In mice challenged with LPS, which
is a common component of Gram-negative bacteria, we
observed that 80% of Ad-PGK (control group) and
Ad-PP4mut mice died within 4 d of treatment, whereas 50% of
the Ad-PP4 WT mice were alive at 4 d, and ultimately survived
(Fig. 4B). After treatment with LPS, Ad-PP4 mice produced
less IL-6, TNF-α, and IL-1β than Ad-PGK and Ad-PP4 mutant
mice (SI Appendix, Fig. S7). Similar results were found in CLP
model, where more than 90% of Ad-PGK and Ad-PP4mut

mice died within 72 h, compared to 50% of Ad-PP4 WT mice
that lived (Fig. 4C). The concentrations of IL-6, TNF-α, and
IL-1β were also significantly lower in Ad-PP4 WT serum than
in Ad-PGK and Ad-PP4 mutant serum (Fig. 4D). In addition,
bacterial counts in the lung, liver, and peritoneal fluid after
CLP were lower in Ad-PP4 mice than in Ad-PGK and
Ad-PP4mut mice (Fig. 4E). Flow cytometry indicated that the
number of circulating CD11b+ leukocytes was much lower in
the peritoneal fluid of Ad-PP4 WT mice than in Ad-PGK or
Ad-PP4mut mice after CLP challenge (Fig. 4F). These results
demonstrated that PP4 plays an essential role in negatively reg-
ulating inflammation in response to endotoxemia in vivo.

Discussion
Bacterial infection initiates a series of signaling cascades that
lead to the production of proinflammatory cytokines to elimi-
nate the bacteria (35). It is widely believed that kinases and
phosphatases cooperatively control protein activities (14, 36).
Our previous publication has revealed that phosphorylation of
sNASP by CK2 is essential for proinflammatory cytokines pro-
duction, especially in bacterial infection (19). Therefore, regula-
tion of sNASP phosphorylation is a key step in antimicrobial
innate immunity because excessive proinflammatory cytokines
result in immune disorders (6, 37). However, the phosphatase
responsible for dephosphorylation of sNASP has been elusive.
In this study, we identified PP4 as an sNASP phosphatase that
dephosphorylates sNASP in response to LPS and subsequently
inhibits TRAF6 autoubiquitination, which leads to suppression
of IL-6 and TNF-α induced by TLR4 and restrains the innate
immune response. Thus, we propose that dephosphorylation is
one of major mechanisms in controlling or terminating of
TLR4/sNASP/TRAF6 signaling.

Serine/threonine-specific phosphatases that catalyze the
dephosphorylation of serine and threonine residues are divided
into four major subtypes: PP1, PP2A, PP2B, and PP2C (38). PP4
belongs to the PP2A subfamily, which includes PP2A, PP4, PP5,
and PP6 (24, 25). Activation of PP2A was shown to have a sup-
pressive effect on the inflammatory response via enhanced phos-
phorylation of the NF-κB p65 subunit, and PP6 is involved in
negatively regulating the activity of TAK1 (39, 40). However, the
role of PP4 in regulating NF-κB signaling is still controversial,
since PP4 was reported to activate or inhibit NF-κB signaling due
to different pathways or cell types. In HEK293 (nonimmune)
cells, overexpression of PP4C can activate NF-κB transcription
through stimulating the binding of c-Rel to NF-κB specific
sequences (41, 42). On the contrary, PP4 can inhibit NF-κB activ-
ity by dephosphorylating of TRAF2 Ser11 and inhibiting TRAF6
polyubiquitination (34, 43). In RAW264.7 (immune) cells, PP4
negatively regulated LPS-induced NF-κB activation by inhibiting
the ubiquitination of TRAF6 (33). Our results supported that
PP4 as a negative regulator of LPS-induced and TRAF6-
mediated NF-κB activation in both nonimmune and immune
cells. Overexpression of PP4 inhibited TRAF6-mediated NF-κB
activation was shown in Fig. 1C. Knockdown of PP4 and suppres-
sion of PP4 activity promoted NF-κB–mediated proinflammatory
cytokines production, whereas overexpression of PP4 ameliorated
proinflammatory cytokines production (Figs. 2 and 4D and SI
Appendix, Figs. S5A and S7). Thus, our findings may provide
insights into PP4 activities in the innate immune system.

Control of NF-κB through a decrease in the ubiquitination
of TRAF6 is a critical step in maintaining homeostasis of TLR
responses (44). Previous studies showed that the suppressive
role of PP4 in LPS-induced NF-κB activation was directly asso-
ciated with TRAF6 and negatively regulated its polyubiquitina-
tion of TRAF6 (33, 34), but the detail mechanism was still
unclear. Here, we propose an alternative mechanism of how
PP4 negatively regulates the activation of TLR4/TRAF6
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cascade. In our experiments, we detected the physical interac-
tion between phosphorylated sNASP and PP4 following LPS
stimulation. After serine-phosphorylation removed from
p-sNASP, PP4 dissociated from sNASP, allowing sNASP to
inhibit TRAF6 activation. Moreover, TRAF6 polyubiquitina-
tion and proinflammatory cytokines production were not sup-
pressed in the sNASP-deficient cells by the overexpression of
PP4, which led us to propose that PP4 cannot inactivate
TRAF6 in the absence of sNASP. Thus, our work has eluci-
dated a regulatory function of PP4 in fine tunings of TRAF6
signaling.

p-sNASP was found to associate with PP4 but not PP2A and
PP6 (Fig. 3A). Thus, PP2A and PP6 could not dephosphorylate
p-sNASP (SI Appendix, Fig. S2). PP4 functions as a hetero-
dimer composed of a catalytic subunit and variable regulatory
subunits. Five regulatory subunits (PP4R1, PP4R2, PP4R3α,
PP4R3β, and PP4R4) have been identified in mammalian cells.
The interplay between different regulatory subunits is likely to
be central to the substrate specificity of PP4 family of phospha-
tase. For example, histone deacetylase 3 activity is regulated by
interaction with PP4C and PP4R1 complex (45). Previous stud-
ies also revealed that FxxP motifs is a specific binding motif for
PP4R3 to regulate meiosis (46). Moreover, the PP2A regula-
tory B56 subunit binds to RacGAP1 and FOXO3 through a
conserved LxxIxE motif (47). PP6R1 contains ankyrin repeat
domains, which is crucial to the degradation of IκBε in
response to TNFa stimulation (48).

The physiological importance of the PP4 in the TLR4/
sNASP/TRAF6/TAK1/p38 MAPK/JNK pathway was supported
by adenovirus-mediated gene delivery experiments with PP4
overexpression in primary BMDMs and mice. In primary
BMDMs, overexpression of PP4 WT, but not mutant, decreased
TAK1 and p38 MAPK phosphorylation as well as proinflamma-
tory cytokines and chemokines expression (Fig. 4 A and D and
SI Appendix, Figs. S5 and S7), consistent with results from cell
line studies (Fig. 2 and SI Appendix, Fig. S1B). In endotoxic
shock animal models, PP4 also reduced the production of
inflammatory cytokines and the numbers of bacteria in vivo and
improved the survival rate, compared to PP4mut. Thus, PP4-
overexpressed mice displayed a protective effect following bac-
terial invasion. Our data also suggest that the phosphatase
activity of PP4 is critical for regulating TLR4 pathway in vitro
and in vivo. Furthermore, PP4 overexpression did not affect the
anti-proinflammatory cytokine IL-10 expression, implying that
the PP4 is specifically involved in the sNASP/TRAF6 axis,
which mediates its proinflammatory but not anti-inflammatory
cytokines.

Beside local inflammation, systemic sepsis is also characterized
by profound leukocyte activation and mobilization throughout
the circulation because organ damage is attenuated by inhibiting
leukocyte-endothelial interactions and systemic leukocyte activa-
tion (49, 50). For example, endothelial P2RX7 activation plays an
essential role in initiating leukocyte adhesion by enhanced the
binding of leukocytes to adhesion molecular intercellular adhe-
sion molecule-1 (ICAM-1) during septic encephalopathy (51).
Inhibition of the P2RX7 pathway not only decreased endothelial
ICAM-1 expression and leukocyte adhesion but also reduced
organ injury and prolong the survival of septic mice. Pretreat-
ment with anti-P-selectin antibodies can also significantly
decrease CLP-induced neutrophils recruitment and tissue dam-
age by inhibiting leukocyte-endothelial interactions (52). Our lab-
oratory has previously demonstrated that P-selectin was induced
only in the sNASP WT, but not mutant, in endothelial cells iso-
lated from CLP-induced septic shock mice, suggesting that
sNASP/TRAF6/PP4 axis could also be involved in regulating leu-
kocyte recruitment (19). Phosphorylation of E-selectin and
P-selectin were enhanced by the phosphatase inhibitors, okadaic
acid, during leukocyte-endothelial adhesion, indicating that

altering the phosphorylation state of adhesion protein may
change signals in the leukocyte-endothelial adhesion cascade (53,
54). It is possible that much lower circulating CD11b+ leukocytes
found in CLP-challenged Ad-PP4 WT mice (Fig. 4F) may be due
to increase of PP4, which altered the phosphorylation status of
adhesion molecules and changed leukocyte-endothelial interac-
tions. Thus, PP4 could regulate multiple levels of cellular process
in response to sepsis-induced inflammation, including leukocyte
rolling in endothelial cells.

This report shows that PP4 is recruited by phospho-sNASP to
negatively regulate the TLR4 pathway. Whole body PP4-deficient
mice could not be obtained because ablation of PP4 leads to
embryonic lethality (30). Previously, PP4 was shown to play
important role in thymocyte development and B-cell lineage
development through tissue-specific PP4-knockout mice (21, 31,
32). We are in the process of generating myeloid-specific PP4-
knockout mice to further evaluate the physiologic function of
sNASP in monocytic in response to bacterial infection.

In conclusion, our data demonstrate that PP4 is the phospha-
tase that specifically dephosphorylates p-sNASP to negatively
regulate innate immunity against bacterial infection to protect
the host from excessive immune responses. Our findings also
showed that PP4 is recruited by phosphorylated sNASP after
LPS stimulation to control TRAF6 polyubiquitination, suggesting
that PP4 is part of a feedback loop of LPS/TLR4 pathway.
Therefore, modulation of PP4 may be a promising target for reg-
ulating inflammation related to the LPS-induced activation of the
TAK1/p38 MAPK/JNK pathway, and a better understanding of
this pathway will benefit the design of immunotherapeutic strate-
gies to ameliorate harmful immune response.

Methods
Cell Culture, Antibodies, and Reagents. Primary BMDMs were isolated from
murine femurs and maintained as previously described (55). The human
monocyte THP-1 cell line (American Type Culture Collection [ATCC] TIB-202,
ATCC) was propagated in RPMI-1640 medium (ATCC 30-2001, ATCC) contain-
ing 10% FBS, 2 mM glutamine, and 1% penicillin and streptomycin at 37 °C
and 5% CO2 in air. The mouse macrophage RAW264.7 cell line (ATCC TIB-71,
ATCC) and embryonic kidney epithelial HEK293 cell line (ATCC CRL-1573,
ATCC) were both cultured in DMEM supplemented with 10% FBS and 1%
penicillin and streptomycin at 37 °C and 5% CO2 in air.

The antibodies used for the immunoblot analysis were goat anti-NASP (SC-
161915, Santa Cruz), rabbit anti-TRAF6 (SC-7221, Santa Cruz), mouse anti-
ubiquitin (SC-8017, Santa Cruz), mouse anti-PPX (SC-374106, Santa Cruz),
mouse anti-β-actin (A1544, Sigma-Aldrich), mouse anti–phospho-TAK1 (4531,
Cell Signaling), mouse anti-TAK1 (4505, Cell Signaling), mouse anti–phospho-
p38 MAPK (9211, Cell Signaling), anti-p38 MAPK (9212, Cell Signaling), mouse
anti–phospho-JNK kinase (4671, Cell Signaling), mouse anti-JNK kinase (9252,
Cell Signaling), mouse anti-GFP (632281, Clontech), mouse anti-phosphoserine
(ab17465, Abcam), mouse anti-HA (H9658, Sigma-Aldrich), mouse anti-Flag
(F1804, Sigma-Aldrich), and mouse anti-Myc (631206, Clontech). Antibody
dilutions were according to the manufacturers’ instructions. LPS from the Sal-
monella enterica serotype abortus equiwas obtained from Sigma-Aldrich.

Plasmids, siRNA, and Transfection. Plasmids encoding human HA-PP4 and
HA-PP4 R235L mutant were gifts from Tse-Hua Tan (Immunology Research
Center, National Health Research Institutes, Zhunan, Taiwan) (41). The plas-
mids Flag-TRAF6, HA-CK2α, HA-CK2α’, Myc-CK2β, HA-Ub, RGS-Ub, GFP-sNASP
WT, and mutants (S158A and S158E) were previously described (56, 57). In
additional, the HA-PP2A and Flag-PP6 plasmids were generously provided by
Chi-Wu Chiang (Institute of MolecularMedicine, National Cheng KungUniver-
sity, Tainan, Taiwan) and Benjamin E. Turk (Department of Pharmacology,
Yale School of Medicine, NewHaven, CT) respectively (58, 59).

siRNAs were transfected by using the DharmaFECT 1 reagent (T-2001-02,
Dharmacon) according to the manufacturer’s protocol. Sequences for siRNA
are listed as follows: the siRNA specific for the gene encoding human NASP
(siNASP, 5'-GGAACUGCUACCCGAAAUU-3'), PP4 (siPP4, 5'-CUGGUCGCUUA-
CAUCACUUUA-3'), and siRNA specific for the gene encodingmouse NASP (the
pool of siNASP no. 9, 5'-GGAUAUAAGUGAGCCUGAA-3', siNASP no. 10, 5'-
GCAGGAGAAUUACAGUUAUU-3', siNASP no. 11, 5'-GGUAAGAAGUAUGGA-
GAAA-3' and siNASP no. 12, 5'-GAUGAAAGAGGGUGAAGAA-3'). All siRNAs
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were synthesized by Sigma-Aldrich. An siRNA Universal Negative control was
purchased from Sigma-Aldrich (catalog S1C001).

THP-1 cells were transfected using X-tremeGene HP (06-365-752-001,
Roche). Transfection of HEK293 and RAW264.7 cells was performed using Lip-
ofectamine 3000 (L3000015, Invitrogen) according to the manufacturer’s
protocol.

Coimmunoprecipitation and Immunoblotting. Immunoprecipitation andWest-
ern blot analysis were carried out as previously described (60). Cells were lysed
in modified RIPA buffer [25 mM Tris�HCl at pH 7.6, 150 mM NaCl, 1% Nonidet
P-40, 1% sodium deoxycholate, 0.1% SDS, 5 mM EDTA, 1 mM EGTA, and pro-
tease inhibitors (P8340, Sigma)]. Sonication was followed by centrifugation at
13,000 g for 30 min at 4 °C, and the supernatant fraction was collected and
analyzed by the following steps. For immunoprecipitation, the indicated anti-
body was incubated with supernatant fraction overnight at 4 °C. Immunocom-
plexes were subjected to protein G agarose (16-266, Millipore) for 1 h. After
being washed twice with lysis buffer, immunoprecipitated products were sep-
arated from the beads by adding 2× protein sample buffer and analyzed for
immunoblotting. The immunoblot analysis was performed using the indi-
cated antibodies.

In Vitro Binding Assay. The recombinant GFP-sNASP protein prepared by
immunoprecipitation using GFP-Trap_M (gtm-20, Chromotek) was phosphory-
lated by casein kinase II (P6010, New England Biolabs) in vitro for 60 min at
30 °C and followed by incubation with recombinant human PP4 protein
(ORITP760519, Origene) for another 120 min at 4 °C. Samples were analyzed
by immunoprecipitation andWestern blotting with the indicated antibodies.

Animal Experiments and Recombinant Adenovirus. Eight-week-old male
C57BL/6JNarl mice were purchased from the National Laboratory Animal Cen-
ter (Taipei, Taiwan). Mice were housed in a pathogen-free animal facility at
the Taipei Medical University. Adenoviruses expressing a control vector (Ad-
PGK), HA-PP4 (Ad-PP4), and HA-PP4mut (Ad-PP4mut) were generated by the
Adenovirus Laboratory at the Institute of Biomedical Sciences in Academia
Sinica (Taipei, Taiwan) as previously described (61). For animal experiments
involving adenoviruses, mice were injected in the tail with recombinant ade-
novirus (0.1∼0.5 × 109 pfu per mice). Three days postinjection, LPS-induced
endotoxemia model was administered by injecting 4.5 mg of LPS per kilogram
body weight intraperitoneally or CLP-induced polymicrobial sepsis model was
performed by aseptic surgical technique as previously described (62). In brief,
C57BL/6JNarl mice (8 wk) were anesthetized. A 1 cm incision was cut along the
midline of the abdomen and the cecum was isolated. The cecum was ligated
between the ileocecal junction and the distal end of the cecum. The ligated
cecum was then punctured through-and-through four times by using
18-gauge needles and a small amount of feces was squeezed out. Then, the
cecum was placed back and the abdomen was closed. Sham animals under-
went identical procedures, except for the ligation and puncture of the cecum.
For survival studies, mice were monitored twice times daily for up to 4 d. For
time-point studies, mice were killed and serum, peritoneal fluid, lung and liver

samples were collected for further analyses. The animal protocol was
approved by the animal and ethics review committee of the Laboratory Ani-
mal Center at Taipei Medical University (Taipei, Taiwan).

Luciferase Assays. NF-κB luciferase reporter assays were conducted as previ-
ously described (63). HEK293 cells were seeded in a 24-well tissue culture plate
at a density of 2 × 105 cells/well. The next day, the cells were transfected with
various expression plasmids along with NF-κB luciferase and pRL-TK Renilla
luciferase using Lipofectamine 3000 (L3000015, Invitrogen). Twenty-four
hours later, the cells were lysed with lysis buffer, and firefly luciferase and
Renilla luciferase activities in the lysates were determined using the Dual-Glo
Luciferase Assay System (E2920, Promega). Results were normalized to inter-
nal Renilla luciferase activities. Data were obtained from at least three inde-
pendent experiments.

Enzyme-Linked Immunosorbent Assay. Serum and cell culture supernatants
were collected and assayed for cytokines. Cytokine production was measured
using Mouse ELISA MAX Deluxe Set for IL-6 (#431304), TNF-α (#430904), and
IL-1β (#432604) were obtained from BioLegend and conducted according to
the manufacturer’s protocol.

Real-time PCR. RNA was extracted from whole cell lysates using RNeasy Mini
Kit (74104, Qiagen) and then reverse transcribed into complementary DNA by
Advantage RT-PCR Kit (639506, Clontech) according to the manufacturer’s
instructions. Expression of mouse genes encoding IL-6, TNF-α, IL-1β, IL-10, CXCL-
1, IL-15, and CXCL-9 (Mm00446190_m1, Mm00443258_m1, Mm000434228_m1,
Mm01288386_m1, Mm04207460_m1, Mm00434210_m1, Mm00434946_m1,
ThermoFisher Scientific) was assessed by real-time PCR with using TaqMan
Gene Expression Master Mix (4369016, Applied Biosystems); results were nor-
malized to expression of the gene encoding 18s and were quantified by the
change-in-thresholdmethod (ΔΔCT).

Statistical Analysis. GraphPad Prism 6 software (GraphPad Software) was
used for statistical analyses as determined by Student’s t test for two groups
or one-way ANOVA for three or more groups. Values with P < 0.05 were con-
sidered statistically significant.

Data Availability. All study data are included in the article and/or SI Appendix.
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