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ABSTRACT
Toll-like receptor 2 (TLR2)-mediated signaling cascades and gene regulation are mainly involved in diseases, such as immunity and
inflammation. In this study, microarray analysis was performed using bone marrow-derived macrophages (BMDM) and Raw 264.7 cells to
identify novel proteins involved in the TLR2-mediated cellular response. We found that pleckstrin homology-like domain family, member 1
(PHLDA1) is a novel gene up-regulated by TLR2 stimulation and determined the unique signaling pathway for its expression. Treatment with
TLR2 agonist Pam3CSK4 increased mRNA, protein, and fluorescence staining of PHLDA1. Induction of PHLDA1 by TLR2 stimulation
disappeared from TLR2 KOmice-derived BMDM. Among janus kinase (JAK) family members, JAK2 was involved in TLR2-stimulated PHLDA1
expression. Signal transducer and activator of transcription 3 (STAT3) also participated in PHLDA1 expression downstream of the JAK2.
Interestingly, ERK1/2 was an intermediate between JAK2 and STAT3. In silico analysis revealed the presence of highly conserved g-activated
sites within mouse PHLDA1 promoter and confirmed the JAK2-STAT3 pathway is important to Pam3CSK4-induced PHLDA1 transcription.
These findings suggest that the JAK2-ERK1/2-STAT3 pathway is an important signaling pathway for PHLDA1 expression and that these
proteins may play a critical role in eliciting TLR2-mediated immune and inflammatory response. J. Cell. Biochem. 117: 483–490, 2016.
© 2015 Wiley Periodicals, Inc.
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The innate immune system, which is the primary defense
mechanism against pathogens, is activated swiftly upon

recognition of non-self matter by factors such as toll-like receptor
(TLR). TLR recognizes a vast range of ligands including lipopeptides
or lipopolysaccharide that represent pathogen-associated molecular
signatures. In mammals, 13 homologues of TLR have been identified
to date [Bowie and O0Neill, 2000; Takeda et al., 2003]. Bacterial
lipopeptides are predominantly recognized by the membrane
receptor TLR2, but differ in their affinities for TLR1 and TLR6
according to the number and length of their fatty acids and the
amino acid sequences of their peptide tails [Jin et al., 2007].
Stimulation of TLR2 by Pam3CSK4 leads to activation of a series of
signaling cascades that culminate in the expression of inflammatory
cytokines and regulators [Manetsch et al., 2012].

The PHLDA1 gene encodes an evolutionarily conserved proline-
histidine rich protein and a 401-amino acid protein. PHLDA1 was
initially identified in T-cell hybridoma,where itmediates apoptosis by
inducing Fas expression, andwas thus named T-cell death-associated

gene 51 [Park et al., 1996]. The role of PHLDA1 in the regulation of
apoptosis is quite controversial. For example, it has been reported that
PHLDA1 is a crucial mediator of the anti-apoptotic effect of insulin-
like growth factor-I (IGF-I) in NIH3T3 cells [Toyoshima et al., 2004].
However, another study showed that PHLDA1 played no role in T-cell
apoptosis [Oberg et al., 2004]. Furthermore, it was reported to have a
different function including atherogenesis regulation [Hossain et al.,
2003,2013], and follicular stem cell marker [Sellheyer and Krahl,
2011]. Basseri et al. suggested that PHLDA1 is involved in energy
homeostasis, at least in part, by regulating lipogenesis in liver, and
white adipose tissue [Basseri et al., 2013]. Therefore, the results of
these studies assume that PHLDA1protein playsmultiple roles in cells.
Although PHLDA1 protein plays a variety of roles in different cells,
little is known about specific signaling pathway for its expression.

PHLDA1 expression is induced by homocysteine or heat shock
[Hossain et al., 2003; Hayashida et al., 2006]. IGF-I is also strong
inducer of PHLDA1 expression [Toyoshima et al., 2004; Wu et al.,
2010]. However, there are not many known specific signaling
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proteins associated with PHLDA1 expression. The ERK1/2 is
currently the most well-known signaling protein for PHLDA1
expression [Toyoshima et al., 2004; Oberst et al., 2008]. Recently,
Johnson et al. found that Aurora A, known as serine/threonine-
protein kinase, negatively regulates PHLDA1 protein levels by
directly phosphorylating Ser98 in breast cancer cells [Johnson et al.,
2011]. Nevertheless, few proteins that control the expression of
PHLDA1 have been identified, and information regarding the
transcription factor has not been reported.

The janus kinase (JAK)-signal transducer and activator of
transcription (STAT) pathway is stimulated by cytokines, vasoactive
agents, hormones, and growth factors and provides a direct
mechanism to translate extracellular signal into a transcriptional
response, despite immunoregulation. Activated STATs bind specific
regulatory sequences, such as interferon-stimulated response
element or g-activated sequence (GAS), to induce or repress
transcription of target genes [O0Shea and Plenge, 2012]. Although
some reports suggest the role of STAT3 in cytokine production in
response to TLR, the importance of JAK-STAT pathway has mainly
been reported to occur via indirect mode [Liljeroos et al., 2008;
Samavati et al., 2009; Greenhill et al., 2011]. However, we attempted
to identify a direct mode of action of the JAK-STAT pathway in
TLR-mediated gene regulation or response.

Here, we report that PHLDA1 expression is regulated by the
JAK2-STAT3 signaling pathway and identify the putative STAT3
binding site for PHLDA1 transcription. Interestingly, ERK1/2 is an
important mediator of the connection between JAK2 and STAT3.
This study provides the first insight into how PHLDA1 expression
is regulated by the JAK2-STAT3 pathway, adding to the diversity
of known PHLDA1 protein function beyond its ability to regulate
apoptosis or atherogenesis.

MATERIALS AND METHODS

MATERIALS
Anti-pERK1/2, ERK1/2, pSTAT3, STAT3, and IkBa antibodies
were purchased from Cell Signaling Technology (Beverly, MA).
Anti-PHLDA1 antibody was acquired from Santa Cruz Biotech-
nology (Santa Cruz, CA), and anti-b-actin antibody was obtained
from Sigma–Aldrich (St. Louis, MO). JAK inhibitor, AG490, U0126,
SB203580, SP600125 were purchased from Calbiochem (San
Diego, CA). DAPI were purchased from Sigma–Aldrich. Mouse
TLR1-9 agonist kit were purchased from in vivo Gen (San Diego,
CA). Reverse-transcription polymerase chain reaction (RT-PCR)
kits were obtained from Takara Bio (Ohtsu, Japan). TRIzol and
siRNAs (JAK1, JAK2, JAK3, TYK2, and STAT3) were purchased
from Invitrogen (Carlsbad, CA). Wild-type (WT) mice (C57BL6)
were purchased from Central Lab Animal (Seoul, South Korea).
TLR2 deficient mice were kindly provided by Dr. S.J. Lee (Seoul
National University, South Korea).

CELL CULTURE AND TRANSFECTION
Raw 264.7 cell lines were purchased from the American Type Culture
Collection (Manassas, VA) and grown in DMEM supplemented with
10% fetal bovine serum, penicillin (100 units/ml), and streptomycin

(100mg/ml) at 37°C in a humidified atmosphere of 5% CO2 and
95% O2.Primary bone marrow-derived monocytes were differ-
entiated into bone marrow-derived macrophages (BMDM) by
incubation 5–7 days in DMEM supplemented with 10% L929
cell-conditioned medium (as a source of macrophage colony-
stimulating factor). Raw 264.7 cells were plated in 35mm diameter
plates at an appropriate density and grown overnight before
transfection using commercial reagents (Amaxa, Lonza,
Switzerland),according to themanufacturer0s instructions.

MICROARRAY AND DATA ANALYSIS
BMDMs and Raw 264.7 cells were treated with vehicle or Pam3CSK4

(1mg/ml). At 2 h after stimulation, total RNA was obtained, and
used for microarray analysis, which was performed by D&P Biotech
(Daegu, Korea). Briefly, 1mg RNA was used to generate biotin-
labeled single-stranded cDNA by in vitro transcription. The
biotinylated single-stranded cDNA was then hybridized to an
Affymetrix Human HG 1.0 ST Array GeneChip (Affymetrix, Santa
Clara, CA). Each stained probe array was scanned with a
GeneChip1 Scanner 3,000 (Affymetrix) 7G at 570 nm. The signal
intensity of the gene expression level was calculated using
Expression ConsoleTM software, Version 1.1 (Affymetrix). To
remove false positive signal, we applied cut-off value of 300 to
the detection signal. Gene ontology was analyzed using NetAffyx.

PLASMID CONSTRUCTS AND siRNAs
Flag-PHLDA1 expression plasmids were constructed using the
following primers: Flag-PHLDA1 (pFLAG-CMV2 vector): forward
primer, 50-CGC GAA TTC AAT GCT GGA GAA CAG CGG CT-30;
reverse primer, 50-CCC GGA TCC TCT TCA GGC AGA GTT-30. The
plasmid constructs were systematically checked by sequence
analyses. Stealth control and gene-specific siRNAs against the
following target genes were designed using the Block-IT Stealth
RNAi designer (Invitrogen): JAK1, 50-UCA CCG GGA CUU AGC AGC
AAG AAA U-30; JAK2, 50-CGG GUC GGC GCA ACC UAA GAU UAA
U-30; JAK3, 50-CAC AUG ACU CGG AAG UCC UCC UGA A-30; TYK2,
50-GCG AGG AGG AGA UCC ACC ACU UUA A-30; STAT3, 50-AAA
CGU GAG CGA CUC AAA CUG CCC U-30.

WESTERN-BLOT
Following SDS–PAGE, the proteins were transferred to nitro-
cellulose membranes, after which the membranes were blocked
with Tris-buffered saline TBS containing 5% skimmed milk for 1 h
at room temperature. After blocking, the membranes were-
incubated with primary antibodies overnight at 4°C. Following three
washes, the membranes were incubated with HRP-conjugated
secondary antibodies (anti-mouse or -rabbit 1:10,000; Santa Cruz
Biotechnology) for 1 h at room temperature and visualized using an
enhanced chemiluminescence system (GE Healthcare, Buckingham-
shire, UK).

RT-PCR

Total RNA was extracted from cells using TRIzol. First-strand
cDNA was synthesized from 1mg total RNA by employing random
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primers, oligo-dT, and reverse transcriptase (Promega, Madison,
WI). Cycling conditions for the PCR were 95°C for 5min, followed
by 26–33 cycles at 95°C for 1min, 60°C–62°C for 1min, and
72°C for 1min. Target gene expression was normalized to b-actin
transcription. The specific primers for mouse PHLDA1, JAK1,
JAK2, JAK3, TYK2, and b-actin, which were designed as follows:
PHLDA1: Tm 60°C, 290 bp, 30 cycles, forward primer 50-CAT ACC
GCC CAA GCA GCT AC-30 and reverse primer 50-GGC GAT TTT
TGT ACT GCA CC-30; JAK1: Tm 60°C, 736 bp, 33 cycles, forward
primer 50-ATG GAA GAC GGA GGC AAT GGT-30 and reverse
primer 50-GGA ACT TTA GAG GCA GAA TAC-30; JAK2: Tm 60°C,
260 bp, 28 cycles, forward primer 50-AAG AGC AAC GGA AGA
TTG C-30 and reverse primer 50-CGT CAC AGT TTC TTC TGC CT-30;
JAK3: Tm 60°C, 412 bp, 28 cycles, forward primer 50-CAC ACC
TGG CAT CCC GAA TC-30 and reverse primer 50-AGC AGT AGG
CGG TCG GTG TG-30; TYK2: Tm 60°C, 413 bp, 28 cycles, forward
primer 50-CCT GGC CAT GAC CTG AAC AG-30 and reverse primer
50-TGT GCC CTT CAC TGA CGG AG-30; b-actin: Tm 62°C, 509 bp,
26 cycles, forward primer 50-TCC TTC GTT GCC GGT CCA CA-30

and reverse primer 50-CGT CTC CGG AGT CCA TCA CA-30.

IMMUNOHISTOCHEMISTRY
Raw 264.7 cells were grown and then fixed with 4% para-
formaldehyde in PBS. Subsequently, the fixed cells were
permeabilized with 0.2% Triton X-100 in PBS for 20min, and
washed three times in PBS. The cells were blocked with 5% BSA in
PBS for 1 h at room temperature, then incubated overnight at
4°C with PHLDA1 antibody (1:200). The cells were washed three
times and incubated with Alexa 546-conjugated secondary
antibody for 1 h at room temperature. Next, the cells were washed
three times, stained with DAPI (1mg/ml), mounted on glass slides,
and viewed under a Leica TCS SP2 AOBS spectral confocal
microscope (Mannheim, Germany).

REPORTER CONSTRUCT AND LUCIFERASE ASSAY
The promoter regions of the mouse PHLDA1 gene (�1,200 bp) were
amplified by PCR from genomic DNA and inserted into the
multicloning site of the pGL3 basic vector (Promega). Deletion
mutants were generated by progressive removal of putative GAS
sites from PHLDA1 promoters and cloned in the same reporter
vector. The construct was subjected to sequence analyses to verify
the orientations and fidelity of the insert. Raw 264.7 cells were
transfected with individual plasmids using commercial reagents
(Amaxa). After transfection, the cells were incubated with
Pam3CSK4 for 8 h. The cell lysates were then assayed for dual
luciferase activity using the luciferase reporter assay system
(Promega) according to the manufacturer0s protocol. Luciferase
values were corrected for transfection efficiency by determining
the ratio between plasmids and renilla luciferase. All data were
normalized to untreated pGL3 basic.

STATISTICAL ANALYSIS
Results are expressed as the mean� SD of at least three independent
assays. Comparisons between the two groups were made by
nonpaired two-tailed Student0s t-test using SPSS v12.0 (SPSS,
Chicago, IL). A P-value< 0.05 was considered significant.

RESULTS

PHLDA1 INDUCTION BY Pam3CSK4 IS TLR2-DEPENDENT
To identify specific genes involved in the progression of TLR2
signaling, we conducted microarray analysis using BMDMs or Raw
264.7 cells, and found the PHLDA1 gene. We confirmed whether the
TLR2 agonist Pam3CSK4 can induce PHLDA1 mRNA and protein
expression in Raw 264.7 cells (Fig. 1A and B). To examine specific
localization of PHLDA1 in the cells, we performed immunostaining
using Ab. When cells were treated with Pam3CSK4 for 12 h, a marked
increase in immunofluorescence with predominant localization in
the cytosol was observed for PHLDA1 when compared with that of
the control (Fig. 1C). To confirm the importance of TLR2, we tested
the effects of Pam3CSK4 after isolating BMDMs from WT or TLR2
knockout mouse bone marrow. Although PHLDA1 expression was
induced by Pam3CSK4 in BMDMs from WT mice, its expression was
not affected in BMDMs from mice with deletions in TLR2 (TLR2 KO;
Fig. 1D and E). To prove the general effect of TLRs for PHLDA1
expression, we tested other types of TLR agonists. All the tested
agonists (including TLR1/2, TLR2, TLR3, TLR4, TLR5, TLR6/2, TLR8,
and TLR9) induced the PHLDA1 gene expression except TLR3 and
TLR8 (Fig. 1F). These results suggest that PHLDA1 is a novel gene up-
regulated by TLR2 stimulation in macrophages and its expression is
dependent on TLR2.

THE JAK2-STAT3 PATHWAY IS KEY SIGNALING PATHWAY IN
Pam3CSK4-INDUCED PHLDA1 EXPRESSION
We investigated the identity of signaling proteins that control the
expression of PHLDA1 and found that JAK was involved in the
Pam3CSK4-mediated PHLDA1 induction. Pretreatment of Raw 264.7
cells with overall JAK inhibitor, a general suppressor of JAK activity,
strongly blocked PHLDA1 mRNA, and protein induction in a dose-
dependent manner (Fig. 2A). Therefore, we investigated the identity
of JAK specific to PHLDA1 gene expression by siRNA knockdown of
individual JAKs in cells stimulated with TLR2 agonist. The induction
of PHLDA1 by Pam3CSK4 was partially inhibited by JAK2 or JAK3
siRNA, however, JAK2 is stronger than JAK3 knockdown, and no
less expression was seen with JAK1 or TYK2 knockdown (Fig. 2B and
C). Additionally, pretreatment of cells with the JAK2 specific
inhibitor AG490, also blocked PHLDA1 protein expression in a dose-
dependent manner (Fig. 2D), consistent with JAK2 contributing to
PHLDA1 induction after TLR2 stimulation. These results suggest that
PHLDA1 expression by TLR2 stimulation in Raw 264.7 cells is
mainly dependent upon JAK2 or JAK3.

We next probed the transcription factors responsible for JAK2-
mediated PHLDA1 expression. We initially assumed that STAT3 was
acting downstream of JAK2. Pam3CSK4-mediated TLR2 stimulation
increased STAT3 phosphorylation at serine 727 (S727), although
pretreatment with JAK inhibitor significantly attenuated this
phosphorylation (Fig. 3A). Phosphorylation of this residue is critical
to the ability of STAT3 to act as a transcriptional transactivator;
therefore, we tested STAT3 involvement in Pam3CSK4-induced
PHLDA1 expression by siRNA. Knockdown of the STAT3 transcript
was successful 24 h after siRNA transfection. Expression of PHLDA1
upon Pam3CSK4-mediated TLR2 stimulation was significantly
reduced in STAT3 siRNA-transfected cells compared to that in
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control siRNA cells (Fig. 3B). These results suggest that STAT3 is an
important signal transducer of TLR2-mediated expression of the
PHLDA1.

ERK1/2 IS AN INTERMEDIATOR BETWEEN JAK2 AND STAT3 FOR
PHLDA1 EXPRESSION
ERK1/2 was previously reported to be an important kinase for
PHLDA1 expression in cancer cells [Toyoshima et al., 2004; Oberst
et al., 2008]. Therefore, we sought to determine the role of ERK1/2
and the relationship between ERK1/2 and JAK2-STAT3 pathway in
TLR2-mediated up-regulation of PHLDA1. Surprisingly, pretreat-
ment of Raw 264.7 cells with JAK inhibitor strongly blocked the
phosphorylation of ERK1/2 by TLR2 stimulation (Fig. 4A). These
results suggest that ERK1/2 is downstream molecule of JAK2 in
the TLR2 signaling pathway. U0126 is often used as an inhibitor of
ERK1/2 activity. Pretreatment of Raw 264.7 cells with U0126
blocked the phosphorylation of ERK1/2 as well as STAT3 by TLR2
stimulation (Fig. 4B). We also investigated the identity of ERK1/2
specific to PHLDA1 gene and protein expression using inhibitors of

individual MAPKs in cells stimulated with Pam3CSK4. The induction
of PHLDA1 by Pam3CSK4 was only inhibited by U0126 (U), but less
effect was seen in response to p38 MAPK (SB) or JNK (SP) (Fig. 4C).
These results suggest that ERK1/2 is important intermediator
between JAK2 and STAT3 during PHLDA1 expression.

ANALYSIS OF MOUSE PHLDA1 PROMOTER
In silico analysis revealed that the PHLDA1 promoter contains
putative STAT3/GAS binding sites at �136/�129 bp (TTCnnGAA),
�504/�497 bp (TTAnnTAA), and �1,179/�1,172 bp (TTCnnGAA)
(Fig. 5A). The location of the nuclear factor consensus sequences
were counted relative to the ATG codon (þ1). To identify the regions
required for basic promoter activity, the promoter of mouse PHLDA1
gene, and the corresponding deletionmutants were cloned into pGL3
basic vector (C1: �1201, C2: �525, C3: �169, and C4: �7). The
plasmids were transfected into cells, after which the activity of the
luciferase reporter gene was analyzed as described above. The basic
promoter activity of C1 was increased �200-fold relative to that of
the pGL3 basic vector. Maximal luciferase activity was observed by

Fig. 1. Pam3CSK4 induces PHLDA1 expression via a TLR2-dependent pathway. A and B: Raw 264.7 cells were treated with Pam3CSK4 (100 ng/ml) for the indicated times.
PHLDA1 mRNA and protein expression were determined by RT-PCR and Western blot, respectively. C: Raw 264.7 cells were treated with Pam3CSK4, fixed, and permeabilized.
PHLDA1 (red) was immunostained with goat anti-PHLDA1 antibody followed by rhodamine-conjugated secondary antibody. DAPI (blue) was used as a nuclear marker. D and E:
BMDMs were isolated from WT or TLR2 KO mouse bone marrow and treated with Pam3CSK4 (100 ng/ml). PHLDA1 mRNA and protein expression were determined by RT-PCR or
Western blot, respectively. F: Raw 264.7 cells were treated with each TLR ligand. PHLDA1 mRNA was determined by RT-PCR. The representative experiments were repeated in
triplicate with similar results.

JOURNAL OF CELLULAR BIOCHEMISTRY486 NOVEL SIGNALING PATHWAY FOR PHLDA1 EXPRESSION



the promoter sites of�525 bp (C2mutant). Truncation analysis of the
promoter region revealed the presence of a potential silencer element
in the region spanning �1201 to �525, as loss of this �670 bp
fragment led to a significant increase in promoter activity. A deletion
of �350 bp fragment from �525 bp (C3 mutant) maintained the
promoter activity up to �70% of C2. A further deletion of 162 bp
fragment from �169 bp (C4 mutant) significantly decreased the
luciferase level to approximately 88% of the maximal level
indicating the loss of essential elements including GAS (Fig. 5B).
To confirm that the PHLDA1 promoter activity is regulated by JAK,
the inhibitor was used again. The promoter activity of PHLDA1 by
Pam3CSK4 was partially inhibited by pretreatment JAK inhibitor. A
similar effect as observed in the JAK inhibitory experiment was
observed when ERK1/2 was suppressed (Fig. 5C). Moreover, STAT3
knock-down also decreased PHLDA1 promoter activity containing
the putative GAS element sites (C2) (Fig. 5D).

DISCUSSION

PHLDA1 contains pleckstrin homology-like domain and mediates the
connection between proteins. Microarray analysis revealed that
PHLDA1 expression increased in response to TLR2 agonist of macro-
phages and confirmed the involvement of JAK2-ERK1/2-STAT3
pathway for regulation of PHLDA1 expression.

Our results are interesting in that they demonstrate JAK2-STAT3
pathway control of TLR2-mediated PHLDA1 expression because it is
assumed that this pathway participates in PHLDA1 expression via a
direct mechanism. Although, JAK-STAT pathway plays a role in TLR
signaling, little is known about direct involvement of this pathway.
There have been many reports of the indirect participation of JAK or
STAT in TLR signaling [Liljeroos et al., 2008; Samavati et al., 2009;
Greenhill et al., 2011]. For example, the indirect participation of
STAT1/3 in the TLR2-induced interferon-a production via interferon

Fig. 2. JAK2 is important for TLR2-stimulated PHLDA1 expression. A: Raw 264.7 cells were pretreated with the indicated dose of JAK inhibitor and stimulated with Pam3CSK4
(100 ng/ml). Total RNAwas isolated from half of the cells and PHLDA1mRNA expression was determined. Cell lysates were prepared from the rest and PHLDA1 protein expression
was determined. B and C: Raw 264.7 cells were transfected with JAK1, JAK2, JAK3, or TYK2 siRNA (150 pM) for 24 h. Cells were stimulated with vehicle or Pam3CSK4 for 4 h, after
which PHLDA1 mRNA and protein expression were determined by RT-PCR or western blot. D: Raw 264.7 cells were pretreated with the indicated dose of AG490 (JAK2 inhibitor)
and stimulated with Pam3CSK4 (100 ng/ml). PHLDA1 protein expression was determined by western blotting and normalized against b-actin. The representative experiments
were repeated in triplicate with similar results.
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regulatory factor 1/2 has been reported. The above results assumed a
secondary response of the produced cytokines or mediators.
Nevertheless, some reports have suggested direct involvement of
JAK or STAT in TLR signaling. One example is the importance of
JAK2 activity in the LPS-stimulated IL-1b production, despite the
proposed role of phosphoinositide 3-kinase instead of STAT
[Okugawa et al., 2003]. Wang et al. highlighted the role of JAK3
in regulation of TLR-mediated inflammatory cytokine production
[Wang et al., 2013]. Our previous report also showed the importance
of JAK2-STAT3 pathway in TLR2-mediated tissue factor expression
[Park et al., 2013]. Another example is that STAT1 plays a role in TLR
signaling and inflammatory response [Luu et al., 2014]. In addition,
some reports have shown crosstalk between the TLR and JAK-STAT
pathways [Hu et al., 2007; Zgheib et al., 2013]. Therefore, the
observed direct participation of JAK2-STAT3 pathway in TLR2
signaling is an important finding that will be useful to future studies.

Our results clearly demonstrated direct engagement of JAK2-
STAT3 pathway in the TLR2-mediated PHLDA1 expression. However,
we failed to detect JAK2 phosphorylation, even though we attempted
to capture JAK2 phosphorylation by Pam3CSK4 treatment using
several commercial antibodies. Nevertheless, we conclude that JAK2
participated in the TLR2-mediated PHLDA1 expression owing to the
reduction of PHLDA1 expression by JAK2 siRNA, and of the effects of
the JAK2 inhibitor, AG490. We believe that PHLDA1 expression may
be controlled by the JAK3with JAK2.Although the effects of JAK3are

weaker than JAK2, PHLDA1 expression is reduced by JAK3 siRNA.
These results suggest that cooperative actionof the two JAKs regulates
TLR2-mediated PHLDA1 expression.

There is little information available regarding the signal trans-
duction pathway for PHLDA1 expression, although the importance
of ERK1/2 is already known [Toyoshima et al., 2004; Oberst et al.,
2008]. Our results also demonstrated the role of ERK1/2 in PHLDA1
expression. However, the pattern observed was different from the
conventional pathway of ERK1/2. Specifically, ERK1/2 plays a role
of connecting kinase JAK2, and STAT3. This was totally unexpected
because STAT activation is typically enabled by the direct action of
the JAK family [Villarino et al., 2015]. Although, MAPK partic-
ipation in the activation process of STAT3 is very rare, some cases
have recently reported. For example, ERK activation by Ras-MEK
signaling pathway increases serine phosphorylation of STAT3 in the

Fig. 3. STAT3 is a key factor in TLR2-mediated PHLDA1 expression. A: Raw
264.7 cells were stimulated with Pam3CSK4 (100 ng/ml) for the times
indicated. STAT3 phosphorylationwas determined by western blotting usinga-
phospho-STAT3 antibody (Ser 727) and normalized to STAT3 total protein. B:
Raw 264.7 cells were transfected with either control or STAT3 siRNA (150 pM)
for 24 h. Cells were stimulated with vehicle or Pam3CSK4 for 4 h. STAT3 and
PHLDA1 mRNA expression were determined by RT-PCR and normalized against
b-actin control. STAT3 and PHLDA1 protein expression were determined by
western blotting and normalized against b-actin. The representative
experiments were repeated in triplicate with similar results. Fig. 4. ERK1/2 is an intermediator between JAK2 and STAT3 in TLR2-

stimulated PHLDA1 expression. A: Raw 264.7 cells were pretreated with vehicle
or JAK inhibitor before treated with Pam3CSK4 (100 ng/ml) for the times
indicated. ERK1/2 phosphorylation was determined by western blotting using
a-phospho-ERK1/2 antibody and normalized to ERK1/2 total protein. B: Raw
264.7 cells were pretreated with vehicle or U0126 before treated with
Pam3CSK4 for the times indicated. ERK1/2 or STAT3 phosphorylation was
determined by Western blotting using a-phospho-specific antibodies and
normalized against total protein. C: Raw 264.7 cells were pretreated with
vehicle or various MAPK inhibitors (U: U0126, SB: SB203580, and SP:
SP600125) before treatment with Pam3CSK4 and PHLDA1 expression was
determined by RT-PCR or Western blotting. The representative experiments
were repeated three times.
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mitochondria [Gough et al., 2013]. Another example is that ERK1/2
activation by Raf1-MEK1/2 signaling pathway stimulates STAT1/3
during ischemic preconditioning [Xuan et al., 2005]. The above two
reports also emphasize that phosphorylation of serine residue is
important for STAT3 signaling. Our results are similar to the above
reports, even though the stimulants are different. Therefore, we
conclude that TLR2 activation by Pam3CSK4 stimulates JAK2-STAT3
pathway via ERK1/2, and eventually increases PHLDA1 expression.
It is important to note that the mechanism through which TLR2
activates JAK2 is still unclear.

The importance of STAT3 to PHLDA1 expression was confirmed
by promoter analysis. Although the promoter region of PHLDA1
shows an imperfect palindrome for one AP-1 and three SP-1
binding sites [Marchiori et al., 2008], less is known about
transcription factor binding sites, especially STAT3. The activity
of a PHLDA1 promoter was significantly enhanced by Pam3CSK4

in Raw 264.7 cells. To establish whether STAT3 is involved in
the regulation of transcription we conducted computer analysis of
the PHLDA1 promoter. Computational analysis revealed that the
PHLDA1 promoter contains three putative STAT3 GAS binding

Fig. 5. GAS element sites of the PHLDA1 promoter are involved in the JAK2-ERK1/2-STAT3 pathway. A: Diagrammatic representation of the mouse PHLDA1 promoter from
�1201 to þ223 bp. The GAS consensus sites (TTCnnGAA or TTAnnTAA), which may potentially be bound by STAT3 proteins, are located at �1179, �504, and �136 bp. The
location of PHLDA1 truncation is also shown. B: Raw 264.7 cells were transiently cotransfected either basic, PHLDA1, or various promoter-luciferase truncation constructs and
pRL-TK, and assayed for dual luciferase activity. C: The cells were cotransfected with PHLDA1 construct (C2,�525 portion) and pRL-TK and then preincubated with JAK inhibitor
(JAKi, 10mM) or ERK1/2 inhibitor (U0126, 1mM), and treated with Pam3CSK4, after which the activity was detected by dual luciferase activity. D: after the cells were
cotransfected with PHLDA1 construct (C2,�525 portion) and either control or STAT3 siRNA, treated with Pam3CSK4, and then, luciferase activity was determined. �P< 0.05 and
��P< 0.01 compared to control. The representative experiments were repeated three times.
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sites. Of particular interest is that two putative GAS elements are
located in the proximity of ATG site, suggesting an essential role of
JAK2-STAT3 signaling in the up-regulation of PHLDA1 in
response to TLR2 stimuli.

To our knowledge, this is first report providing evidence of
regulation of PHLDA1 protein, highlighting the mechanism
through which the JAK2-ERK1/2-STAT3 pathway is involved in
modulation of PHLDA1 expression.
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