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HIPK?2 sustains inflammatory cytokine production by
promoting endoplasmic reticulum stress in macrophages
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Abstract. Uncontrolled inflammatory cytokine produc-
tion by macrophages contributes to numerous conditions,
including infection, endotoxemia and sepsis. A previous
study proposed that endoplasmic reticulum (ER) stress acts
as an essential process in inflammatory cytokine production
by macrophages. The present study used a mouse sepsis
model and in vitro macrophages to demonstrate that home-
odomain-interacting protein kinase 2 (HIPK?2) sustained
cytokine production in an ER stress-dependent manner.
HIPK?2 expression was upregulated in the early phase of
lipopolysaccharide stimulation. HIPK2 knockdown attenu-
ated IL-6 and TNF-a production, and p65 phosphorylation in
macrophages. Furthermore, the attenuated cytokine produc-
tion was abolished by the ER stress agonist tunicamycin.
The activation of ER stress increased the levels of IL-6 and
TNF-a, and the phosphorylation of p65, in macrophages
following knockdown of HIPK?2. Furthermore, HIPK?2 inhi-
bition attenuated the production of IL-6 and TNF-a in vitro
and in vivo. Therefore, HIPK?2 sustained inflammatory cyto-
kine production by promoting ER stress in macrophages.
Targeting HIPK?2 may be a potential strategy for the manage-
ment of uncontrolled inflammation in clinical settings.

Introduction

Inflammatory diseases, including infection, endotoxemia
and sepsis, are a significant burden on perioperative
management of patients (1). Inflammation-induced organ
dysfunction and failure can result in severe multiple organ
dysfunction syndromes (2). The central pathophysiology of
inflammation-induced organ dysfunction is the production of
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an inflammatory cytokine storm caused by uncontrolled and
unregulated innate immune responses (3,4). Macrophages
produce the majority of cytokines, including IL-6, TNF-a
and IL-1P, during inflammatory diseases (3,4). Suppressing
cytokine production by macrophages can attenuate disease
progression and improve outcomes (5). However, the regula-
tion and associated mechanism of cytokine production in
macrophages remain largely unknown. The discovery of
specific molecules or mechanisms that support macrophage
production may reveal potential targets for the management of
inflammation.

Previous studies have demonstrated that endoplasmic
reticulum (ER) stress serves an essential role in inflam-
mation and cytokine production by macrophages (6,7).
The activation of macrophages by lipopolysaccharides
(LPS) leads to the unfolded protein response, which results
in the activation of three ER stress markers on the ER
membrane: Inositol-requiring enzyme la (IREla), PKR-like
endoplasmic reticulum kinase (PERK) and activating
transcription factor 6 (ATF6) (6). These three molecules
regulate subsequent signaling to NF-«kB, Bcl-2 and nuclear
factor erythroid 2 (Nrf2), regulating inflammation, oxida-
tive stress and apoptosis (8,9). Therefore, the activation
of ER stress is essential for the inflammatory response of
macrophages.

Homeodomain-interacting protein kinase 2 (HIPK2)
is a serine/threonine kinase located in the nucleus (10).
A previous study has reported that HIPK?2 functions as
a tumor suppressor and that it promotes apoptosis in
response to chemotherapeutic drugs and radiation (10).
Furthermore, another previous study proposed that HIPK?2
sustains genomic stability by enhancing DNA damage
repair signaling (11). Apart from the role of HIPK?2 that
has been elucidated within oncological research, a recent
study demonstrated that HIPK?2 deficiency leads to the
impaired production of type I interferon in macrophages
during antiviral immunity (12). However, the function and
mechanism of HIPK?2 in anti-microbial immunity remain
poorly investigated.

The present study investigated the function of HIPK?2 in
LPS-stimulated macrophages and the underlying mechanism
of cytokine production. Furthermore, the expression levels
of HIPK?2, effects of HIPK2 knockdown and the crucial
mechanism of its regulation of cytokines in LPS-stimulated
macrophages were investigated.
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Materials and methods

Animals and models. A total of 60 C57BL/6 male mice
(weight, 20-25 g; age, 6-8 weeks) were purchased from
Shanghai SLAC Laboratory Animal Co., Ltd. All mice were
housed at a temperature of 18-22°C with a relative humidity
of 50-60% and 12-h light-dark cycles, with free access to
food and water. The Ethics Committee of Changhai Hospital
(Shanghai, China) approved the animal experiments. For the
murine LPS-challenge model, each mouse was intraperitone-
ally injected with 4,5,6,7-tetrabromo-2-(1H-imidazol-2-yl)
isoindoline-1,3-dione (tBID) (10 ng/g; cat. no. HY-100464;
MedChemExpress) diluted in 400 u1 PBS. For tBID and
tunicamycin (TM; cat. no. HY-A0098; MedChemExpress)
co-treatment, tBID (10 ng/g) and TM (0.5 mg/kg) were injected
intraperitoneally 30 min prior to LPS challenge. Following
this, mice were intraperitoneally injected with 10 mg/kg LPS
(Escherichia coli Ol111: B4; Sigma-Aldrich; Merck KGaA)
diluted in 300 1 PBS. At 6 h after the LPS injection, mice were
anesthetized with 4% sevoflurane (Abbott Pharmaceutical Co.,
Ltd.) and serum (stored in -80°C) was harvested through the
postocular venous plexus. Cervical dislocation was used for
euthanasia.

Preparation of bone marrow-derived macrophages (BMDM:s)
and peritoneal macrophages (PMs). For BMDM generation,
mouse femoral tissues were isolated and the bone marrow was
flushed with 3 ml normal saline (NS). Following red blood cell
lysis, bone marrow cells were resuspended at 2.4x10° cells/ml
in DMEM (Hyclone; GE Healthcare Life Science) supple-
mented with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.)
and 30 ng/ml granulocyte-macrophage colony-stimulating
factor (PeproTech, Inc.). The culture medium was changed
every 2 days, and after 5-6 days of culturing (37°C and 5%
CQO,), cells were subjected to further experiments.

For PM generation, each mouse was injected intra-
peritoneally with thioglycollate (BD Biosciences). At day 3
post-injection, peritoneal lavage was performed with 5 ml
NS. Cells were resuspended at 2-4x10° cells/ml and cultured
in RPMI 1640 (Hyclone; GE Healthcare Life Science) culture
medium supplemented with 10% FBS. LPS stimulation was
achieved by adding LPS (100 ng/ml) at the indicated time
points in each experiment, and the supernatant or mRNA and
protein were harvested for further analysis. TM (10 pg/ml
in vitro or 0.5 mg/kg in vivo) was added 30 min prior to LPS
stimulation in vitro and in vivo.

Reverse transcription-quantitative PCR analysis. For mRNA
analysis, cells were stimulated with LPS (100 ng/ml) for 0.5,
1, 3, 6 h and then the cells were washed with PBS and the
total RNA were extracted. Total RNA from macrophages
(BMDMs for expression and inhibitor experiments and PMs
for siRNA interference experiments) was extracted using
TRIzol® reagent (cat. no. 10296010; Thermo Fisher Scientific,
Inc.). Complementary DNA templates were obtained by
reverse transcription (50°C for 45 min and at 85°C for 5 min)
in a 10 ul reaction volume containing 1 ug total RNA, oligo
(dT) primers and a reverse transcription premix (Takara, Bio,
Inc.). Quantitative PCR was performed using a SYBR-Green
PCR system and an ABI 7500 Thermal Cycler (High-Capacity

cDNA Reverse Transcription Kkit, cat. no. 4374967; PowerUp™
SYBR™ Green Master Mix, cat. no. A25742; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol.
SYBR-Green reagents were purchased from Thermo Fisher
Scientific, Inc. The thermocycling conditions were as follows:
95°C for 3 min, followed by 40 cycles of denaturation at 95°C
for 10 sec, annealing at 60°C for 5 sec and extension at 72°C
for 10 sec. mRNA levels were normalized to the mRNA level
of B-actin, which was used as the internal control. The primers
used were as follows: B-actin, forward, 5'-CTCCATCCTGGC
CTCGCTGT-3' and reverse, 5-GCTGTCACCTTCACCGTT
CC-3"; PERK forward, 5-TCCCCTAGATCCCCTGAACTT-3'
and reverse, 5" TGGAGTGTCTGATCTTCACTGA-3"; IL-6
forward, 5'-GGCGGATCGGATGTTGTGAT-3" and reverse,
5'-GGACCCCAGACAATCGGTTG-3'; TNF-a forward,
5'-GGAACACGTCGTGGGATAATG-3' and reverse, 5'-GGC
AGACTTTGGATGCTTCTT-3'; IREla forward, 5-TTGAGA
GAGCTTTTACCAGCAG-3' and reverse, 5'-ACCAGGACC
TGACGGATGT-3'; and ATF6, forward, 5'"TGGAGCAGG
ATGTCCCGTT-3' and reverse, 5'-CTGTGGAAAGATGTG
AGGACTC-3'. Relative mRNA levels were determined using
the 2244 method (13) and B-actin was used as the internal
control.

ELISA analysis. Blood was centrifuged at 845 x g for 15 min
and serum was collected. Serum levels of IL-6 and TNF-a
were analyzed using Quantikine IL-6 and TNF-a ELISA
kits (cat. nos. M6000B and MTAOOB; R&D Systems, Inc.)
according to the manufacturer's protocol.

Small interfering RNA (siRNA) interference. Mouse PMs at a
confluence of 80% were cultured in half of the final total culture
volume in FBS-free RPMI-1640 or DMEM and transfected
with 3 ng/ml HIPK2 siRNA (Gene Pharma; sense, 5'-GGA
GUUCAUUGACCUGUUAAA-3' and anti-sense, 5-UAA
CAGGUCAAUGAACUCCCG-3") or 6 ng (3 ng/ml) control
siRNA (Shanghai GenePharma Co., Ltd.; sense, 5-UUCUCC
GAACGUGUCACGUTT-3' and anti-sense, 5-ACGUGACAC
GUUCGGAGAATT-3") in 6-well plates using INTERFEREin
(Invitrogen; Thermo Fisher Scientific, Inc.) for 6 h (37°C)
according to the manufacturer's protocol. Subsequently, the
other half of the complete culture medium was added and the
cells were cultured (37°C) for a total of 48 h. After 48 h, cells
were subjected to further stimulation or experiments.

Western blotting. Cells were lysed in RIPA (Beyotime
Institute of Biotechnology). The protein concentration was
determined using a BCA protein assay kit (Thermo Fisher
Scientific, Inc.). A total of 30 ug protein/lane was subjected to
10% SDS-PAGE and transferred to PVDF membranes (Merck
KGaA). The membranes were blocked with 5% non-fat milk
in PBS with 0.05% Tween-20 (pH 7.5) at room temperature
for 30 min. Membranes were then immunoblotted with the
primary antibodies (1:2,000) for 4 h at room temperature or
at 4°C overnight. The primary antibodies used in the present
study were: Anti-mouse HIPK?2 (cat. no. 5091; Cell Signaling
Technology, Inc.), phosphorylated (p-) p65 (cat. no. 3033; Cell
Signaling Technology, Inc.), p65 cat. no. 9460; Cell Signaling
Technology, Inc.), phosphorylated (p-)PERK (cat. no. 3179S;
Cell Signaling Technology, Inc.), PERK (cat. no. 3192S;
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Figure 1. HIPK2 expression is upregulated following LPS stimulation in macrophages. RT-qPCR analysis of (A) IL-6 and (B) TNF-a, ELISA analysis of
(C) IL-6 and (D) TNF-a in supernatants, and (E) RT-qPCR and (F) western blot analysis of HIPK2 in LPS-stimulated bone marrow-derived macrophages
at the indicated time points (n=3 per group). ‘P<0.05 vs. control. HIPK2, homeodomain-interacting protein kinase 2; LPS, lipopolysaccharides; RT-qPCR,

reverse transcription-quantitative PCR.

Cell Signaling Technology, Inc.), p-IREla (cat. no. ab48187;
Abcam), IREla (cat no. 3294S; Cell Signaling Technology,
Inc.), ATF6 (cat. no. ab122897; Abcam) and f-actin
(cat. no. ab8227; Abcam). Subsequently, membranes were
incubated with horseradish peroxidase-conjugated secondary
antibodies (1:3,000) (cat. nos. 7074 and 7076; Cell Signaling
Technology, Inc.). Finally, the blots were visualized using
SuperSignal™ West Atto Ultimate Sensitivity Substrate
(Thermo Fisher Scientific, Inc.).

Statistical analysis. Data from three independent experiments
were repeated and are presented as the mean + standard devia-
tion. Student's t-test was used to analyze differences between
two groups. One-way ANOVA was used to analyze differ-
ences among multiple groups. Sidak's multiple comparisons
test or Dunnett's post hoc test were used as the post hoc tests.
Analysis was performed with Prism software (version no. 8;
GraphPad Software, Inc.). P<0.05 was considered to indicate a
statistically significant difference.

Results

HIPK?2 expression is upregulated by LPS stimulation in
macrophages. To investigate the expression levels of HIPK2
during inflammatory cytokine production in macrophages, the
mRNA and protein expression levels of cytokines and HIPK2
were analyzed. The results demonstrated that following LPS
stimulation, IL-6 and TNF-a were significantly upregulated at
the mRNA (Fig. 1A and B) and protein (Fig. 1C and D) levels.
The peak transcription of IL-6 and TNF-a was observed

at 3 h following stimulation. Furthermore, the expression
levels of HIPK2 were elevated following LPS stimulation
(Fig. 1E and F), and the peak production was observed at 0.5
and 1 h after LPS stimulation at the mRNA and protein levels,
respectively. These results demonstrated that HIPK2 expres-
sion is upregulated earlier than the expression of cytokines,
indicating a potential role of HIPK?2 in the regulation of cyto-
kine production in macrophages.

HIPK?2 knockdown suppresses IL-6 and TNF-a production
in macrophages. The potential role of HIPK?2 in the cytokine
production by macrophages was investigated. siRNA was used
to knock down HIPK?2 expression, and the effects on macro-
phages were investigated. The results revealed that HIPK?2 was
successfully knocked down at the mRNA level in LPS stimu-
lation (Fig. 2A) and protein (Fig. 2B) levels. Furthermore, the
results demonstrated that the phosphorylation of p65, the effec-
tive component of NF-kB (3), was markedly downregulated
following HIPK2 knockdown (Fig. 2B) in the presence of LPS.
Similarly, IL-6 (Fig. 2C) and TNF-a (Fig. 2D) production was
suppressed following HIPK?2 knockdown. Therefore, these
results indicated that HIPK2 may serve an essential role in
cytokine production during LPS stimulation in macrophages.

HIPK?2 knockdown suppresses ER stress in LPS-stimulated
macrophages. The mechanism by which HIPK?2 promoted
cytokine production was investigated. A recent study has
demonstrated the crucial role of ER stress in macrophage
inflammation (6). Inhibition of ER stress alleviates inflamma-
tion and cytokine production by macrophages (7). The results
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Figure 2. HIPK?2 knockdown suppresses IL-6 and TNF-a production in macrophages. (A) Knockdown efficacy of si-HIPK?2 and controls at the mRNA level

in LPS-stimulated PMs at the indicated time points (n=3). (B) Western blot an

alysis of HIPK?2 following siRNA interference, and levels of p-p65 and p65 in

PMs (three independent repeated experiments were performed). ELISA analysis of (C) IL-6 and (D) TNF-a in the supernatant following HIPK?2 knockdown in
LPS-stimulated PMs (n=4). "P<0.05 vs. control; “P<0.05 vs. corresponding si-controls in the same group. HIPK2, homeodomain-interacting protein kinase 2;
si, small interfering RNA; PMs, peritoneal macrophages; p-, phosphorylated; LPS, lipopolysaccharides.

demonstrated that, after the interference of HIPK2, the mRNA
level of IREla in 1 and 3 h after LPS stimulation, PERK
and ATF6 in 3 h after LPS stimulation were downregulated
(Fig. 3A-C). The results also revealed that the protein level
of p-IREla, p-PERK and ATF6 at 15, 30 and 60 min after
the LPS stimulation were downregulated (Fig. 3D), indicating
that ER stress may be a potent mechanism of HIPK?2 for the
promotion of cytokine production by macrophages.

Activation of ER stress restores IL-6 and TNF-a production
following HIPK?2 knockdown in LPS-stimulated macrophages.
To investigate the essential role of ER stress in HIPK2-mediated
cytokine production, TM, an ER stress agonist (14), was used
to establish the effects of HIPK2 knockdown in macrophages.
The results revealed that while HIPK2 knockdown attenuated
IL-6 and TNF-a production, the application of TM, though
slightly decreased IL-6 and TNF-o compared with the
control, abolished the attenuation of cytokine production
(Fig. 4A and B) and restored the phosphorylation level of p65
(Fig. 4C). Therefore, these results indicated that ER stress is
an essential process for HIPK2-mediated cytokine production
by macrophages.

HIPK?2 inhibition suppresses IL-6 and TNF-a production
in vitro and in vivo. To investigate whether HIPK2 was a potent
anti-inflammatory agent. The effects of the HIPK?2 inhibitor,
tBID, in LPS-stimulated macrophages and LPS-challenged
mice were investigated. The results demonstrated that, in

cultured macrophages, tBID treatment suppressed IL-6
(Fig. 5A) and TNF-a (Fig. 5B) levels in the LPS treatment
groups. Furthermore, in LPS-challenged mice, inhibition of
HIPK?2 was associated with favorable outcomes in terms of
attenuating the serum levels of IL-6 (Fig. 5C) and TNF-a
(Fig. 5D). TM was used to activate ER stress in the presence of
tBID to investigate whether the ER agonist restored cytokine
production following HIPK?2 inhibition. The results demon-
strated that IL-6 (Fig. SE) and TNF-a (Fig. 5F) levels were
elevated compared with the LPS group without TM treatment,
and the effects of HIPK?2 inhibition were decreased by TM
treatment. The TM treatment was also demonstrated to elevate
IL-6 and TNF-a levels (Fig. SE and F). Collectively, these
results indicated that HIPK?2 inhibition suppressed cytokine
production in vitro and in vivo, suggesting its potential role in
anti-inflammation management.

Discussion

Uncontrolled activation of inflammation and subsequent
cytokine storm are essential contributors to inflammatory
organ dysfunction and failure (15). Endotoxemia and sepsis
are usually initiated from the overactivation of macrophages
and the following excessive production of inflammatory
cytokines (4,16). Therefore, an in-depth understanding of
cytokine production regulation may provide an important
mechanism for the management of inflammation. The
present study revealed that HIPK2 served a positive role in
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Figure 3. HIPK2 knockdown suppresses endoplasmic reticulum stress in LPS-stimulated macrophages. Reverse transcription-quantitative PCR analysis of
(A) IREla, (B) PERK and (C) ATF6 expression following HIPK?2 interference in LPS-stimulated PMs (n=3). (D) Western blot analysis of p-IREla, IREla,
p-PERK, PERK and ATF6 following HIPK? interference in LPS-stimulated PMs. "P<0.05 as indicated. HIPK2, homeodomain-interacting protein kinase 2;
LPS, lipopolysaccharides; IREla, inositol-requiring enzyme la; PERK, PKR-like endoplasmic reticulum kinase; ATF6, activating transcription factor 6; PMs,
peritoneal macrophages; p-, phosphorylated; si, small interfering RNA.
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Figure 4. Activation of endoplasmic reticulum stress restores IL-6 and TNF-a production following HIPK2 knockdown in LPS-stimulated macrophages.
ELISA analysis of (A) IL-6 and (B) TNF-a levels in the supernatants with or without TM treatment in PMs following HIPK2 knockdown (n=3). (C) Western
blot analysis of p-p65 and p65 levels in PMs treated with or without TM following HIPK2 knockdown. “P<0.05 as indicated. HIPK2, homeodomain-interacting
protein kinase 2; LPS, lipopolysaccharides; PMs, peritoneal macrophages; TM, tunicamycin; p-, phosphorylated; si, small interfering RNA; NS, not significant.

maintaining LPS-induced inflammation of macrophages and
that HIPK2 knockdown led to the attenuation of cytokine
production. Two types of macrophages were used in the
present study. BMDMs and PMs are regarded as models
for macrophage investigation (2,3). The present study used
BMDMs to analyze the expression levels of HIPK?2 in in vitro
inhibitor experiments and in in vitro experiments with HIPK?2
interference, while PMs were used to ensure the interference
efficacy (4). The results were in accordance with a previous
study that reported that HIPK2 was crucial in maintaining
type I interferon production in antiviral immunity of macro-
phages (12). The present study highlighted that HIPK2 may

be a potential target to control excessive cytokine production
by overactivated macrophages.

The results demonstrated that ER stress served an essential
role in HIPK2-mediated cytokine production. Through HIPK?2
knockdown and ER stress agitation, the present study revealed
that HIPK2-promoted cytokine production was dependent on
the activation of ER stress, indicating that HIPK2 may activate
ER stress to promote cytokine production. ER stress has been
reported to serve a crucial role in macrophagic inflamma-
tion (17). Previous studies have demonstrated that the activation
of ER stress promotes NF-kB and Nrf2 activation, which
further promotes the transcription of pro-inflammatory genes,
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Figure 5. HIPK2 inhibition suppresses IL-6 and TNF-a production in vitro and in vivo. ELISA analysis of (A) IL-6 and (B) TNF-a levels in the serum of mice
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treated with or without tBID and TM (three independent repeated experiments). "P<0.05 as indicated. HIPK 2, homeodomain-interacting protein kinase 2; LPS,
liposaccharides; TM, tunicamycin; NS, not significant; tBID (4,5,6,7-tetrabromo-2-(1H-imidazol-2-yl)isoindoline-1,3-dione).

such as p65 and Erk, and oxidative stress (6,9). Additionally,
ER stress promotes mitochondrial stress and initiates respi-
ratory burst in mitochondria, promoting the production of
reactive oxygen species in macrophages (18-20). Numerous
molecules, such as ALDH2 and NODI, regulate ER stress
through exogenous receptor-ligand reactions and intrinsic
regulation (20,21). The present study indicated a potential role
inregulating ER stress. Investigation of the specific mechanism
of the regulation could be a topic of interest in future studies.
However, for the in vivo experiments, since the present study
was not able to select targeted macrophages, the alteration of
these markers could not be measured. LPS challenge results

in systematic inflammation and macrophages and mono-
cyte-macrophages can infiltrate organs and tissues (22). This
is in accordance with a previous study which demonstrated
the in vivo expression of certain macrophage genes, including
v-ets erythroblastosis virus E26 oncogene homolog 1 and 2,
and presented the results as serum cytokine levels following
the inhibition or activation of various molecules, including Erk
or interleukin 1 receptor-associated kinase M (3), which the
present study investigated using tBID and TM in vivo.

Since cytokine production relies on HIPK2 expression
in macrophages, the present study investigated the potential
effects of HIPK?2 inhibition in an LPS-stimulated model



EXPERIMENTAL AND THERAPEUTIC MEDICINE 20: 171, 2020 7

in vitro and in vivo. However, although the present study was
a preliminary investigation and further studies are required
to address the effects in different inflammatory models, the
present study indicated the therapeutic effects of HIPK2
inhibition in anti-inflammation management. HIPK2 may be
a promising target for the treatment of inflammatory diseases.

In summary, the present study reported the crucial role of
HIPK?2 in promoting cytokine production in response to LPS
in macrophages. Furthermore, the results demonstrated that
HIPK?2-mediated cytokine production was dependent on the
activation of ER stress. Targeting HIPK2 may be a potential
strategy for the management of inflammation.
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