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The crosstalk of intracellular signaling pathways is extremely complex. Previous studies have shown
that there is a potential crosstalk between MAPKs and NF-jB signaling pathways. It has been reported
that JNK regulates cell survival under some conditions. But the molecular mechanism through which
JNK regulates cell survival is still unclear. In the present study, we hypothesized that there was a cross-
talk between JNK and NF-jB signaling pathway regulating cell survival and HSP27 phosphorylation
mediates such a crosstalk. Our data showed that in HepG2 cells, suppression of JNK activation by a spe-
cific inhibitor or overexpression of JNK inactive mutant enhanced TNF-a-induced apoptosis. In addition,
reduction of JNK activation attenuated HSP27 phosphorylation envoked by TNF-a, especially the
phosphorylation of HSP27 at serine 78 residue. Our results also showed that suppression of JNK activa-
tion reduced the degradation of IjB-a, but did not affect IKK phosphorylation upon TNF-a stimulation.
Co-immunoprecipitation experiments demonstrated that JNK regulated the degradation of IjB-a
through promoting the formation of HSP27/IKK/IjB-a ternary complex in response to TNF-a. Suppres-
sion of JNK activation hindered HSP27 phosphorylation at Ser78 residue and subsequently reduced the
interaction between IKK and IjB-a. Taken together, our study suggests that through modulation the
phosphorylation of HSP27, JNK plays an important roles in cell survival via regulating NF-jB signaling
pathway.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Jun N-terminal kinases (JNKs), one class of MAPKs, which are
involved in the regulation of cell proliferation, differentiation and
apoptosis. JNKs have been proposed to stimulate apoptosis in
response to UV radiation, hyperosmolarity, ischemia–reperfusion,
heat shock, or oxidative stress [1]. Although accumulating evi-
dences have suggested that JNK signaling is a proapoptotic cause
in cells [2], the precise role of JNK signaling in apoptosis remains
controversial. Moreover, a recent study indicates that JNK signaling
is related with cell survival [3].

Heat shock proteins (HSPs) are family of molecular chaperones
which have been implicated to play an anti-apoptotic role
in response to proapoptotic stimuli [4]. HSP27 acts as an
ATP-independent holdase chaperone that targets stress-induced
misfolded polypeptides and protects cells against various cytotoxic
conditions such as oxidative stress, cancer chemotherapeutic agent
treatment, Fas stimulation [5]. It has been demonstrated that the
specific changes in phosphorylation may allow HSP27 to function
various of activities [6]. HSP27 is phosphorylated at several distinct
serine residues (Ser15, Ser78, and Ser82) depend on the stimula-
tors [7]. We notice that wild-type HSP27 increases cellular resis-
tance against different stressful stimulation [8], but the mutant
HSP27 lacking phosphorylation sites no longer has such function
[9]. HSP27 can phosphorylated by various upstream kinases
including MAPK-activated protein kinase-2 (MK-2), AKT, protein
kinase C (PKC), as well as cyclic adenosine monophosphate
(cAMP)-dependent kinase [10,11]. Although JNK is a member of
MAPK family, it is unknown if JNK could lead to HSP27
phosphorylation.

NF-jB, a transcription factor, plays a critical role in many phys-
iological processes including immune responses, inflammation,
and cell growth and death. Previous study has demonstrated that
HSP27 associates with the IjB kinase (IKK) complex to regulate
TNF-a -induced NF-jB activation [12]. HSP27 negatively regulates
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Fig. 1. Suppression of JNK activation and HSP27 phosphorylation facilitates TNF-a induced apoptosis. (A) HepG2 cells were pretreated with or without SP600125 (20 lM) for
2 h, and then were incubated with TNF-a (50 ng/ml) for 24 h, apoptotic ratios were detected by flow cytometry. (B and D) Cells were transiently transfected with JNK-APF
(4 lg) plasmid, or transfected with pFLAG-HSP27-3A or pFLAG-HSP27-3D. Forty-eight hours after transfection, cells were treated with TNF-a (50 ng/ml) for 24 h. Apoptotic
ratios were detected by flow cytometry. (C) HepG2 cells were pretreated with SP600125 and CMPD1 for 2 h, or (E) transfected with pFLAG-HSP27-3A, pFLAG-HSP27-3D and
control plasmid pcDNA3.0 for 48 h, and then were treated with TNF-a (50 ng/ml) for 24 h. PARP and pro-caspase3 were detected by Western blot analysis. In the blot probed
with anti-HSP27, the upper band is overexpressed HSP27 with FLAG tag, the lower band is endogenous HSP27. The experiments were conducted in triplicate and data were
shown as mean ± SD.
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TNF-a triggered IKK activation [12]. However, the role of phos-
phorylation of HSP27 in TNF-a triggered NF-jB signaling is still
unclear.

In this study, we investigated the role of HSP27 phosphorylation
in protecting HepG2 cells against TNF-a-induced apoptosis and the
effect of HSP27 on mediating the crosstalk between JNK and NF-jB
pathway under TNF-a stimulation. Our findings highlight a novel
role of JNK in cell survival via affecting HSP27 phosphorylation
and subsequently regulating NF-jB signaling pathway.
2. Materials and methods

2.1. Cell culture and transfection

HepG2 cells were obtained from Institute of Biochemistry and
Cell Biology, Chinese Academy of Science (Shanghai, P.R. China).
The cells were maintained in Dulbecco’s modified Eagle’s medium
(Invitrogen) containing 10% fetal calf serum (Hyclone) and antibi-
otics (100 lg/ml penicillin and 100 lg/ml streptomycin) in an
atmosphere of 5% CO2 at 37 �C. Transient transfection was per-
formed by using the Fugene HP reagent (Roche Applied Science,
Basel, Switzerland) according to the manufacturer’s instructions.
In all cases, the total amount of DNA was normalized by the empty
control plasmids.
2.2. Antibodies and reagents

Mouse monoclonal antibody and rabbit polyclonal antibody
against Flag-tag were purchased from Sigma. Rabbit polyclonal
antibodies against GAPDH, and phospho-HSP27 (S15, S78 and
S82) were obtained from Bioworld Technology, Inc. Rabbit mono-
clonal antibodies against ERK, phospho-ERK (Thr202/Tyr204),
p38, p-p38 (Thr180/Tyr182), JNK/SAPK, phospho-JNK/SAPK
(Thr183/Tyr185), phospho-IKKa (Ser180)/IKKb (Ser181), IKKb,



Fig. 2. Inhibition of JNK decreases the phosphorylation of HSP27. (A) HepG2 cells were pretreated with or without different concentrations of SP600125 (10 and 20 lM) for
2 h followed by stimulation with TNF-a (50 ng/ml) for 15 min, and the levels of phosphorylated HSP27(Ser15, Ser78, Ser82) and total HSP27 were detected by Western
blotting. (B) HepG2 cells were transfected with JNK-APF (1–4 lg) and control vector, 48 hours after transfection, cells were treated with TNF-a (50 ng/ml) for 15 min. Cell
lysates were prepared and subjected to Western blotting. The experiment was done in triplicate and data were shown as mean ± SD. #p < 0.05, ##p < 0.01 compared to TNF-a.
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phospho-IrB-a, PARP, Caspase-3, and mouse monoclonal antibod-
ies against HSP27 and IrB-a were obtained from Cell Signaling
Technology. Secondary antibodies coupled to IRDye800 flurophore
for use with the Odyssey Infrared Imaging System were purchased
from Rockland. SP600125 and CMPD1 were from Cell Signaling
Technology. Apoptotic detecting regent (FITC-Annexin V and pro-
pidium iodide buffer) were from Molecular ProbesTM (Invitrogen).
Recombinant human TNF-a was from BD Pharmingen or BD Trans-
duction Laboratories (San Diego, CA, USA).

2.3. Plasmids

HSP27 phosphorylation mutants including pFLAG-HSP27-3A,
pFLAG-HSP27-3D and JNK-APF were constructed by using standard
techniques. In brief, DNA fragment encoding FLAG-tag was gener-
ated by high-fidelity PCR and cloned into pcDNA3.0 vector. HSP27
phosphorylation mutants were generated using over-lap PCR. All of
the constructs were confirmed by DNA sequencing.

2.4. Co-immunoprecipitation and immunoblot analysis

Cell lysates were centrifuged (15,000�g) at 4 �C for 15 min.
Proteins were immunoprecipitated with indicated antibodies
respectively. The precleared Protein A/G PLUS-agarose beads
(Santa Cruz Biotechnology) were incubated with immunocom-
plexes for 2 h and washed four times with lysis buffer. Immuno-
blotting analysis was performed as previously described [13]. The
antibody–antigen complexes were visualized by using IRDye800
flurophore-conjugated antibody (LI-COR Biosciences, Lincoln, NE)
and the LI-COR Odyssey Infrared Imaging System according to
the manufacturer’s instruction. Quantification was directly per-
formed on the blot using the LI-COR Odyssey Analysis software.
Aliquots of whole cell lysates were subjected to immunoblotting
to confirm appropriate expression of proteins.
2.5. Annexin V/PI assay

Floating and adherent cells were collected, washed twice with
PBS (pH 7.4), resuspended in 150 ll of Annexin-binding buffer
and incubated with 0.4 ll of Annexin VFITC. After 20 min in the
dark at room temperature, 150 ll of Annexin-binding buffer con-
taining 3 ll of PI (5 lg/ml) was added, the flow cytometric analysis
was carried out using the Guava EasyCyte™ System. For each sam-
ple 5000 cells were analyzed. Data were analyzed by using Guava
TUNEL Software (Guava Technologies, Hayward, CA, USA) and both
early apoptotic cells and late apoptotic cells were considered as
apoptotic cells.
2.6. Statistical analysis

Data were represented as means ± SD. We performed statistical
comparisons with the unpaired two-tailed Student’s t test. In all
analysis, a value of p < 0.05 was considered statistically significant.



Fig. 3. JNK induces the degradation of IjB-a through phosphorylating HSP27. (A) HepG2 cells were pretreated with SP600125 and CMPD1 for 2 h, and then were treated with
TNF-a (50 ng/ml) for indicated time followed by detection of IjBa through Western blot analysis. (B) HepG2 cells were pretreated with SP600125 (0, 10 and 20 lM) for 2 h
and then treated with TNF-a (50 ng/ml, Lane 4–6) or not (Lane 1–3) for 15 min. (C) HepG2 cells were pretreated with 20 lM CMPD1(Lane 3 and 4) or not(Lane 1 and 2) for 2 h
and then treated with TNF-a (50 ng/ml, Lane 2 and 4) or not (Lane 1and 3) for 15 min. (B and C) Cell lysates were subjected to Western blot analysis by using indicated
antibodies. (D) HepG2 cells were transfected with pFLAG-HSP27-3A, pFLAG-HSP27-3D or control vector, and 48 hours after transfection cells were treated with TNF-a (50 ng/ml)
for 15 min. Cell lysates were subjected to Western blot analysis with p-IKKa/b, IKKb, p-IjBa, IjBa, HSP27 and GAPDH respectively. ⁄p < 0.05, ⁄⁄p < 0.01 compared with the control
group; #p < 0.05, ##p < 0.01 compared to TNF-a.
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3. Results

3.1. JNK activation and HSP27 phosphorylation negatively regulates
TNF-a induced apoptosis

Since it is controversial that if JNK promotes apoptosis or
survival of cells [1–3], we observed the effects of JNK on
TNF-a-induced apoptosis of HepG2 cells by treating cells with a
JNK inhibitor SP600125 or by transfecting cells with JNK-APF, a
dominant negative type of JNK, to suppress JNK activation. Results
from flow cytometry assay using Annexin V-FITC/PI double
staining indicated that the apoptotic ratio increased significantly
in the group of cells in which JNK activation was prevented
(Fig. 1A and B). Western Blot assay showed that cleavage of poly
(ADP-ribose) polymerase (PARP) also increased in JNK activity
suppressed cells (Fig. 1C). CMPD1, an inhibitor of p38, played a
similar role in PARP cleavage, but the efficiency of CMPD1 was
weaker than SP600125. These data strongly suggested that JNK,
as similar as p38, prevented TNF-a-induced apoptosis. HSP27 has
been implicated to play an anti-apoptotic role in response to
various proapoptotic stimuli [4], we subsequently evaluated the
relationship between HSP27 phosphorylation and TNF-a-induced
HepG2 cell apoptosis. We transfected HepG2 cells with HSP27-3A
(a phosphorylation-resistant mutant of HSP27, where all three
MK2 phosphorylated serine residues were mutated to alanine
residues), HSP27-3D (a phosphorylation mimicking mutant of
HSP27, where all three serine residues were mutated to aspartic
acid residues) or empty vectors, respectively. The results showed
that the apoptotic ratio was higher in HSP27-3A transfected cells
than that of in pcDNA3.0 transfected cells. By contrast, transfection
of HSP27-3D protected cells from apoptosis (Fig. 1D). Meanwhile,
the cleavage of PARP induced by TNF-a were attenuated by
over-expression of HSP27-3D but slightly enhanced by introduc-
tion of HSP27-3A (Fig. 1E). Altogether, above data suggested that
both JNK and HSP27 phosphorylation negatively regulated TNF-a
induced apoptosis.

3.2. Inhibition of JNK activity prevents the phosphorylation of HSP27

As above data showed that both JNK and HSP27 played a sim-
ilar role in TNF-a-induced apoptosis of HepG2 cells suggesting the
interaction between JNK and HSP27. On the other hand, it has
been reported that MK2, which can be activated by p38 is an
upstream phosphorylation kinase of HSP27 and we found CMPD1
also enhanced TNF-a-induced apoptosis [14], we thus examined
the effects of JNK, a member of MAPKs, on HSP27 phosphoryla-
tion. As shown in Fig. 2A, inhibition of JNK activity by using JNK
inhibitor SP600125 suppressed HSP27 phosphorylation, especially
the phosphorylation of Ser78, in a dose-dependent manner. The
same results were obtained when we transfected HepG2 cells
with JNK-APF plasmid (Fig. 2B). These results demonstrated that
suppression of JNK activity attenuated the phosphorylation of
HSP27 (Ser78) suggesting that JNK might be an upstream
kinase of HSP27 and suppression of JNK activity increased
TNF-a-induced apoptosis of HepG2 cells through attenuating
phosphorylating HSP27.



Fig. 4. Phospho-HSP27 interacts with IjB-a and IKKa/b and promotes the binding of IKKa/b with IjB-a. (A) HepG2 cells were pretreated with SP600125 (20 lM) for 2 h (Lane
4 and 5) and lysed after TNF-a (50 ng/ml) challenge for 15 min. The lysates were immunoprecipitated with anti-HSP27 monoclonal antibody followed by analyzing the
immunopellets with immunoblotting by using IjBa and HSP27 antibodies. The whole lysates were subjected to immunoblot analysis with HSP27, IjBa and GAPDH
antibodies respectively. (B) HepG2 cells were treated with SP600125 and TNF-a as same as (A). The lysates were immunoprecipitated with anti-IjBa monoclonal antibody
and then the immunopellets were subjected to immunoblotting with HSP27and IjBa antibodies. The whole lysates were analyzed by immunoblotting with HSP27, IjBa and
GAPDH antibodies respectively. (C) HepG2 cells were treated with SP600125 and TNF-a as same as (A). The lysates were immunoprecipitated with p-HSP27 antibody
followed by immunoblotting with IjBa and p-HSP27 antibodies in the immunoprecipitations. The whole lysates were subjected to immunoblot analysis with p-HSP27, IjBa
and GAPDH antibodies respectively. (D) Supernatants of first IP were immunoprecipitated with anti-HSP27 monoclonal antibody followed by immunoblotting with IjBa and
HSP27 antibodies. The whole supernatants of first IP were subjected to immunoblot analysis with HSP27, IjBa and GAPDH antibodies respectively. (E) HepG2 cells were
treated with SP600125 and TNF-a as same as (A). The lysates were immunoprecipitated with anti-HSP27 and the immunopellets were subjected to immunoblotting with
anti-IKK and anti-IjBa monoclonal antibodies. The whole lysates were analyzed by Western blot analysis with HSP27, IjBa, IKK, GAPDH antibodies.
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3.3. JNK induces the degradation of IjB-a through phosphorylating
HSP27

We subsequently observed how JNK regulated TNF-a-induced
apoptosis via HSP27 phosphorylation. Since NF-jB is a critical reg-
ulator of genes involved in cellular growth and death, we treated
HepG2 cells with TNF-a (50 ng/ml) for 15 min, and detected the
level of IjB-a in cells. As shown in Fig. 3A, TNF-a led to IjB-a level
decline, but when cells were pretreated with SP600125 or CMPD1
respectively, the decrease of IjB-a was prevented significantly.
These results showed that the suppression of HSP27 phosphoryla-
tion by JNK or p38 inhibitor could attenuate the degradation of
IjB-a. To further investigate the correlation between IjB-a degra-
dation and HSP27 phosphorylation, HepG2 cells were pretreat-
ment with indicated concentration of SP600125 for 2 h, and then
stimulated with 50 ng/ml TNF-a or not for 15 min followed by
detection of p-IjB-a and p-IKKa/b level. Western blot assay dem-
onstrated that suppression of HSP27(Ser78) phosphorylation by
the JNK inhibitor attenuated the level of p-IjB-a but not p-IKKa/
b (Fig. 3B) The similar results were obtained when we pretreated
HepG2 cells with CMPD1 for 2 h followed by stimulation with
50 ng/ml TNF-a (Fig. 3C). We then transfected HSP27-3A or
HSP27-3D mutants to HepG2 cells respectively. As expected,
HSP27-3A, HSP27-3D and pcDNA did not alter p-IKKa/b level, but
HSP27-3D significantly increased p-IjB-a level compared with
pcDNA (Fig. 3D). Taken together, above results strongly suggested
phosphorylation(Ser78) could enhance TNF-a-induced increase of
p-IjB-a and degradation of IjB-a, but could not affect the level
of p-IKKa/b. JNK, as well as p38 might play its role in degradation
of IjB-a through phosphorylating HSP27.

3.4. Phospho-HSP27 interacts with IjB-a and IKKa/b and promotes
the binding of IKKa/b with IjB-a

It has been reported that the ability of HSP27 binding with
other proteins depends on its phosphorylation levels [15]. Above
data indicated that suppression of HSP27 phosphorylation reduced
TNF-a-induced IjB-a phosphorylation significantly (Fig. 3C), but
did not affect IKK phosphorylation. We thus observed the interac-
tion between phospho-HSP27, IjB-a and IKK. As shown in Fig. 4A
and B, TNF-a stimulation increased the amount of complex
between HSP27 and IjB-a, and SP600125 treatment resulted in
the reduction of the binding between HSP27 and IjB-a (Fig. 4A),
suggesting that JNK could increase TNF-a-stimulated HSP27 and
IjB-a association. We further designed a secondary immune pre-
cipitated innovative approach to detect accurately whether the
phospho-HSP27 bound with IjB-a. We used the p-HSP27 (Ser78)
monoclonal antibody to immunoprecipitate IjB-a in cell lysates
and then used the HSP27 monoclonal antibody to immunoprecip-
itate IjB-a in supernatant of the first immunoprecipitation. As
shown in Fig. 4C, TNF-a stimulation induced the complex forma-
tion between phosphorylated HSP27 and IjB-a, and SP600125
attenuated the amount of the complex. It is interested that, in
supernatant of the first immunoprecipitation, no complex of
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HSP27 and IjB-a was detected (Fig. 4D). These data indicated that
phosphorylated HSP27 but not unphosphorylated HSP27 inter-
acted with IjB-a.

As above results suggested that phosphorylation of HSP27
did not affect IKK activation, we further investigated whether
Phospho-HSP27 regulated the binding ability of IKK with IjB-a.
Co-immunoprecipitation showed that phospho-HSP27 interacted
with IjB-a and IKKa/b simultaneously in HepG2 cells after
15 min stimulation of TNF-a and treatment of SP600125 resulted
in the reduction of the complex Phospho-HSP27 with IKK and
IjB-a (Fig. 4E) suggesting that JNK promoted the integration of
IKK with IjB-a through inducing HSP27 phosphorylation.
4. Discussion

In the present study, we explored the effects of JNK TNF-a-
induced apoptosis in HepG2 cells and found that suppression of
JNK activity potentiated TNF-a-induced apoptosis. Mechanismly,
JNK induced HSP27 phosphorylation and then regulated NF-jB
pathway. Our investigation indicated the crosstalk between JNK
and NF-jB pathways and the bridge linkage role of phosphor-
HSP27 in this crosstalk.

It has been documented that HSP27 can be phosphorylated by
MK-2 and AKT [10], and is also a substrate of PKCa, PKCd and
cAMP-dependent kinase [11]. In the present study, we found that
JNK was also involved in phosphorylation of HSP27. Interestingly,
we noticed that JNK mainly phosphorylated Ser78 of HSP27 but
not Ser 15 and Ser 82. It has been reported that Ser78 of HSP27
is phosphorylated by a number of kinases including MK2/3/5,
PKA, PKG [16]. In our study, JNK inhibitor SP600125 significantly
inhibited Ser78 phosphorylation in HSP27, but the direct interac-
tion between JNK and HSP27 was not detected (data not shown).
Thus we speculate that JNK maybe regulate phosphorylation of
HSP27 through intermediating above HSP27 upstream kinases.

Accumulating evidence has indicated that JNK works as a
regulator of proapoptotic death signaling events [17]. For instance,
JNK-specific inhibitors attenuate the apoptosis of hepatocytes and
sinusoidal endothelial cells during hepatic I/R injury [18]. However,
there was still some reports suggested that JNK promotes survival
under adverse conditions [19]. It has been shown that the sustained
activation of JNK was related with apoptosis, whereas the acute and
transient activation of JNK was involved in cell proliferative or
survival pathway [20,21]. In the present study, we found that
suppression of JNK activation enhanced TNF-a-induced apoptosis.
We further found that JNK acted as an upstream kinase of HSP27
phosphorylation and inhibition of HSP27 phosphorylation obvi-
ously enhanced TNF-a-induced apoptosis in HepG2 cells. Thus
our study demonstrated that phosphorylating HSP27 is a novel
mechanism by which JNK protected cells against TNF-a-induced
apoptosis.

The crosstalk of intracellular signal pathways is extremely com-
plex, which is the reaction of a variety of cellular signal pathways.
Since both NF-jB and JNK share several common upstream signal-
ing molecules, there are several levels of crosstalk between them
[22], but the mechanism of their crosstalk is still unclear. It has
been reported that LPS and extracellular nucleotides lead to the
coordinate control of Ras/MEK/ERK and NF-jB signaling pathways
in Raw 264.7 cells, suggesting the possibility of crosstalk between
these two pathways [23]. In the present study, we found that
inhibiting JNK activation decreased TNF-a-stimulated the associa-
tion between phosphorylated HSP27 and IjB-a. It is well known
IjB-a protein was phosphorylated by IKK complex upon TNF-a
stimulation. In our observation, phosphorylated HSP27 regulated
IjB-a phosphorylation and degradation, but did not affect the
activation of IKK. Further co-immunoprecipitation experiments
suggested that phosphorylated HSP27 could form a complex with
IKK and IjB, and promoted the combination of IKK and IjB under
TNF-a stimulation. Thus, these data indicated that JNK intereacted
with NF-jB through phosphorylating HSP27 in HepG2 cells to
regulate TNF-a-induced apoptosis.

In conclusion, our work demonstrates that TNF-a stimulation
leads to JNK activation and in turn phosphorylates HSP27. Phos-
phorylated HSP27 then binds to IKK and facilitates the activation
and degradation of IjB. These findings strongly suggest a crosstalk
between JNK and NF-jB pathways in TNF-a-induced apoptosis
in HepG2 cells. And phosphorylated HSP27 is the mediator
conjugated these two pathways.
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