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Hepatocellular carcinoma (HCC) is frequently associated with pathogen infection–induced chronic inflammation. Large
numbers of innate immune cells are present in HCCs and can influence disease outcome. Here, we demonstrated that
the tumor suppressor serine/threonine-protein kinase 4 (STK4) differentially regulates TLR3/4/9-mediated inflammatory
responses in macrophages and thereby is protective against chronic inflammation–associated HCC. STK4 dampened
TLR4/9-induced proinflammatory cytokine secretion but enhanced TLR3/4-triggered IFN-β production via binding to and
phosphorylating IL-1 receptor–associated kinase 1 (IRAK1), leading to IRAK1 degradation. Notably, macrophage-specific
Stk4 deletion resulted in chronic inflammation, liver fibrosis, and HCC in mice treated with a combination of
diethylnitrosamine (DEN) and CCl4, along with either LPS or E. coli infection. STK4 expression was markedly reduced in
macrophages isolated from human HCC patients and was inversely associated with the levels of IRAK1, IL-6, and
phospho-p65 or phospho-STAT3. Moreover, serum STK4 levels were specifically decreased in HCC patients with high
levels of IL-6. In STK4-deficient mice, treatment with an IRAK1/4 inhibitor after DEN administration reduced serum IL-6
levels and liver tumor numbers to levels similar to those observed in the control mice. Together, our results suggest that
STK4 has potential as a diagnostic biomarker and therapeutic target for inflammation-induced HCC.
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Introduction
The persistent presence and amplification of inflammation can 
predispose cells to oncogenic transformation and contribute to 
tumor development. Up to 25% of cancers are linked to the persis-
tent presence or amplification of chronic inflammation, including 
colorectal cancer, gastric carcinoma and hepatocellular carcinoma 
(HCC) (1). The transcription factor NF-κB is one of the most crit-
ical factors that is involved in the context-dependent modulation 
of many inflammation-induced cancers. Mutations in or abnor-
mal expression of tumor suppressor genes (TSGs) are common in 
various types of cancers, and some of them have been suggested 
to regulate NF-κB–induced inflammation and inflammation- 
induced tumors. Many TSGs have been identified in HCC, which 
is one of the well-documented human chronic inflammatory  
disorder–induced cancers. However, it remains largely unknown 
which TSGs are critical to preventing chronic inflammation– 
associated HCC at the early stages (2).

Infection with hepatitis B virus or hepatitis C virus is the lead-
ing cause of HCC. Other pathogenic microorganisms, such as 

intestinal bacteria, have also been suggested to promote HCC pro-
gression through TLR4 signaling, leading to increased prolifera-
tion and prevention of apoptosis (3). In response to these invading 
pathogens and during the development of chronic inflammation–
associated HCC, innate immune cells — especially macrophages 
— play a critical role not only mediating the inflammatory 
response, but also engulfing and eliminating microbes. Recent 
efforts have revealed multiple negative molecules that suppress 
harmful and excessive inflammatory insults during TLR-induced 
innate immune responses (4–6). Among them, several innate 
immune regulators have been suggested to play dual roles, block-
ing inflammation-driven tumorigenicity by targeting tumor cells 
in a cell-intrinsic fashion and targeting macrophages to inhibit 
procarcinogenic inflammation (7–9).

Because substantial numbers of macrophages are present 
in the liver tumor, and several key TSGs in HCC have abundant 
expression in immune cells, we investigated whether TSG expres-
sion levels in macrophages are associated with microbe infection. 
Previous studies have identified that WT p53 strongly attenuates 
NF-κB activation and inhibits the transcription of proinflamma-
tory cytokines and chemokines (10). In agreement with this, the 
common mutant p53 isoform is frequently identified in human 
cancers, and the mutant p53 prolongs NF-κB activation, causes 
severe chronic inflammation, and promotes the development of 
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Results
Reduced STK4 expression is associated with diethylnitrosamine- 
induced HCC and excessive inflammation. Viral or bacterial infec-
tion–induced HCC is associated with immune cell infiltration and 
chronic inflammation of the liver. According to the data provided 
by the Cancer Genome Atlas (TCGA) Research Network program, 
a series of TSGs have been identified in HCC. We selected 16 
TSGs, based on their abundant expression levels in macrophages, 
to investigate which TSGs play dual roles: blocking inflammation-
driven tumorigenicity by targeting both tumor cells and macro-
phages. Because the tumor suppressor p53 has been revealed to 
be a key element that regulates both inflammation and tumor 
growth, we compared p53 expression levels with 15 other TSGs 
in mouse primary peritoneal exudate macrophages (PEMs) after 
E. coli infection. Similar to the expression pattern of p53, mRNA 
levels of Stk4, Rap1 (23), Pten, Rhoa, Rb, Lkb1, Trim24, and Axin1 

inflammation-associated colon cancer (11). We found that Stk4 
(serine/threonine-protein kinase 4, also termed mammalian ster-
ile 20–like kinase-1) has a similar expression pattern to p53 in mac-
rophages (Supplemental Table 1 and Supplemental Figure 1A; sup-
plemental material available online with this article; doi:10.1172/
JCI81203DS1). STK4 has been identified to be a tumor suppres-
sor in HCC (12, 13), breast cancer, and lymphoma (14) that regu-
lates cell differentiation and apoptosis. Interestingly, STK4 is also 
highly expressed in hematopoietic cells to promote naive T lym-
phocyte proliferation and survival (15, 16) and forms a signaling 
complex with the RapL/Rap1 module to activate the integrin LFA-1  
for lymphocyte adhesion and trafficking (17–22). In this study, we 
focused on whether and how STK4 in macrophages suppresses 
inflammation and thereby inhibits chronic inflammation–associ-
ated HCC using 2 murine liver tumor models, as well as human 
HCC patient samples.

Figure 1. Reduced STK4 expression is associated with DEN-induced HCC and excessive inflammation. (A–C) WT male mice were treated with controls 
(Veh) or DEN (50 mg/kg) to induce HCC and were sacrificed 11 months after DEN injection (n = 3). (A) HE staining (scale bar: 100 μm) or IHC staining with 
anti-F4/80 (scale bar: 50 μm) of mouse livers. (B and C) Percentages of intrahepatic MoMs or KCs, and STK4 expression levels were analyzed by FACS. (D) 
Eleven months after Veh (n > 4) or DEN (n > 7) treatment, serum IL-6 concentrations were detected by ELISA. The correlation of Il6 and Stk4 mRNA levels 
in intrahepatic immune cells were analyzed by Spearman’s test (n = 9). (E and F) Ten hours after LPS challenge (3 mg/mouse, i.p.) of WT (n = 3) and Stk4–/– 
mice (n = 3), HE staining of lungs (scale bar: 100 μm) or serum IL-6 and TNF-α concentrations were measured. Values are mean ± SD from 2 independent 
experiments. Data represent mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001, using 2-tailed, unpaired Student’s t test (B–D) or 1-way ANOVA with 
Holm-Sidak’s multiple comparisons test (F).
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infiltration and the expression level of STK4. Eleven months after 
DEN injection, the majority of the mice developed liver neopla-
sias, and HE staining showed severe liver damage with immune 
cell infiltration (Figure 1A, left panel). By IHC analysis using 
anti-F4/80+ antibody, we confirmed the enhanced accumula-
tion of intrahepatic macrophages during DEN-induced hepato-
carcinogenesis compared with vehicle-treated mice (Figure 1A). 
According to a previous report (26), we further identified by FACS 
analysis that the percentage of monocyte-derived macrophages 
(MoMs, defined as F4/80+CD11bhiLy6cint) was increased, whereas 
the percentage of liver-resident Kupffer cells (KCs, defined as 
F4/80+CD11bloLy6clo) was not significantly changed (Figure 1B 
and Supplemental Figure 1D). Importantly, a significant reduction 
of STK4 expression was observed in both MoMs and KCs (Figure 
1C and Supplemental Figure 1E). The STK4 expression levels were 
also assessed in other immune cell lineages and were reduced in 
T cells but not in NK or B cells (Supplemental Figure 1F). More-

were markedly decreased in E. coli–infected macrophages (Sup-
plemental Table 1 and Supplemental Figure 1A). The mRNA levels 
of Dlc1/2, p16, and Pax5 were not significantly changed (Supple-
mental Figure 1B). In contrast, the mRNA levels of Atip and Runx3 
were increased compared with those in resting macrophages (Sup-
plemental Figure 1C).

Similar to the suppressive function of p53 in tumor growth and 
the inflammatory response, previous studies have demonstrated 
that loss of LKB1 promotes inflammatory cytokine production in 
T lymphocytes (24) and that AXIN1 also has a preventative effect 
on inflammation (25). Although STK4 was reported to be a liver 
tumor suppressor and is expressed in immune cells, it remains 
unclear whether STK4 inhibits infection-induced inflammation in 
macrophages and thereby suppresses the pathological process of 
inflammation-associated HCC.

To answer this question, we used the diethylnitrosamine- 
induced (DEN-induced) liver cancer model to check macrophage 

Figure 2. STK4 dampens TLR4/9-induced proinflammatory cytokine production. (A) Stk4 expression at mRNA level or protein level was assessed in 
PEMs, which were stimulated with 1 μg/ml LPS, 10 μg/ml poly(I:C), or 2 μg/ml CpG ODN for 6 hours. (B) PEMs were transfected with Stk4 siRNA or the 
scramble control (40 nM) followed by LPS stimulation for 6 hours to assess mRNA levels of Stk4, Il6, Il1b, and Tnfa. (C and D) WT and Stk4–/– BMMs were 
stimulated with 1 μg/ml LPS (C) or 2 μg/ml CpG ODN (D) for 6 hours to detect IL-6, IL-1β, and TNF-α expression by qRT-PCR or ELISA. Data represent mean 
± SD (n ≥ 4). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 using 2-tailed, unpaired Student’s t test.
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TLR3/4/9 pathways are associated with HBV (a DNA virus) or 
HCV (an RNA virus) infection–induced HCC (27). We therefore 
examined whether the expression and function of STK4 is linked 
to TLR signaling–triggered inflammation. WT macrophages were 
treated with LPS, poly(I:C), or CpG, respectively, to mimic infec-
tion with bacteria or viruses. We observed a significant  decrease 
in Stk4 expression at the mRNA level in response to TLR3/4/9 
agonists (Figure 2A, left panels). Reduced protein levels of STK4 
in LPS-stimulated macrophages were confirmed by immunoblot-
ting (Figure 2A, right panel). Interestingly, after p65 was knocked 
down using a specific siRNA, LPS-stimulated macrophages still 
exhibited decreased mRNA levels of Stk4 (Supplemental Figure 
2A). This suggests that TLR4 signaling regulates STK4 expression 
independently of p65.

Next, specific siRNA was used to knock down Stk4 in mouse 
PEMs, and the knockdown efficiency was confirmed by RT-PCR 
analysis (Figure 2B). Knockdown of Stk4 significantly enhanced 
mRNA levels of Il6, Il1b, and Tnfa in response to LPS stimulation 
(Figure 2B). In agreement with this, when Myc-tagged STK4 was 
stably overexpressed in RAW264.7 cells (Supplemental Figure 
2B, left panel), mRNA levels of Il6, Il1b, and Tnfa were decreased 
after LPS stimulation (Supplemental Figure 2B, right panels). To 
further confirm this phenotype, Stk4-deficient macrophages were 

over, in the early stage after DEN treatment — at 5 weeks — STK4 
expression was also decreased in MoMs, KCs, and T cells, but 
not in B cells (Supplemental Figure 1, G and H). Next, we found 
that serum concentrations of IL-6 in DEN-treated mice were 
much higher than in the vehicle controls. Moreover, Il6 mRNA 
levels inversely correlated with mRNA levels of Stk4 in intrahe-
patic immune cells (Figure 1D). This correlation led us to further 
investigate whether STK4 plays a direct role in downregulating 
inflammation. WT and Stk4-deficient mice were challenged with 
lipopolysaccharide (LPS), the major component of gram-negative 
bacteria. Stk4-deficient mice displayed more severe lung damage 
with enhanced infiltration of immune cells in the lungs (Figure 
1E), including macrophages (identified as the CD11b+F4/80+ cell 
population by FACS, data not shown). Serum concentrations of 
IL-6 and TNF-α were also elevated in LPS-treated Stk4-deficient 
mice (Figure 1F). These data together led us to examine whether 
the tumor suppressor STK4 might inhibit macrophage-mediated 
inflammation during innate immune responses against infections 
and protect the host from chronic inflammation–induced HCC.

STK4 kinase activity is critical to dampening TLR4/9-induced 
proinflammatory cytokine production. Recent studies have shown 
that TLR4 contributes to bacterial infection–induced inflamma-
tion, which drives liver tumor promotion (3). Furthermore, the 

Figure 3. STK4 kinase activity is critical to inhibit TLR4/NF-κB activation. (A) The levels of phosphorylated IKKα/β in LPS-stimulated WT and Stk4–/– 
BMMs were detected by immunoblotting analysis. Samples were run on the same gel but not contiguous, as indicated by the black line. (B) Primary MEF 
cells overexpressing GFP or STK4 were treated with or without LPS, followed by immunostaining with Hoechst and anti–p65-RelA (scale bar: 20 μm, rep-
resentative images). The number of p65-RelA+ nuclei was counted from >50 cells (mean ± SD using 2-tailed, unpaired Student’s t test). (C) Primary MEFs 
overexpressing GFP, STK4, or the K59R mutant were stimulated with LPS to detect mRNA levels of Il6, Il1b, and Tnfa. Values were normalized for β-actin 
mRNA levels (mean ± SD, n = 4, 2-way ANOVA with Holm-Sidak’s multiple comparisons test). *P < 0.05, **P < 0.01, and ***P < 0.0001.
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nificantly increased in the GFP control MEFs in response to LPS, 
whereas STK4 overexpression suppressed this enhancement (Fig-
ure 3B). In contrast, no significant changes in phosphorylation lev-
els of ERK and JNK were observed between Stk4-deficient and WT 
macrophages (Supplemental Figure 3A). This suggests that STK4 
does not affect MAPK activation in LPS-treated macrophages.

Because surface TLR4 expression or TLR4 degradation has 
been demonstrated to regulate NF-κB activation (28, 29), we next 
tested whether STK4 could modulate TLR4 expression levels. 
There were no detectable changes in the total protein or mRNA 
levels of Tlr4 between WT and Stk4-deficient macrophages (Sup-
plemental Figure 3B). Flow cytometry analysis showed that Stk4 
deficiency slightly increased TLR4 surface expression in unstim-
ulated macrophages. After LPS stimulation, reduction of surface 
TLR4 levels was markedly dampened in Stk4-deficient macro-
phages compared with WT cells (Supplemental Figure 3C). In 
agreement with this finding, compared with the GFP control 

prepared and stimulated with LPS. Stk4 deficiency significantly 
promoted the production of Il6, Il1b, and Tnfa at the mRNA and 
protein levels (Figure 2C). Interestingly, Stk4-deficient macro-
phages also augmented IL-6 and TNF-α secretion in response to 
CpG (i.e., TLR9 agonist) treatment compared with WT cells (Fig-
ure 2D). Because our previous study showed that poly(I:C) induces 
proinflammatory cytokine production at much lower levels (6), we 
did not focus on STK4-mediated proinflammatory cytokine pro-
duction via the poly(I:C)/TLR3 pathway.

We then assessed whether Stk4 deficiency affected TLR4/9- 
induced production of proinflammatory cytokines via NF-κB acti-
vation. LPS-stimulated Stk4-deficient macrophages elevated phos-
phorylation levels of IKKα and IKKβ compared with those in WT 
controls (Figure 3A). We next overexpressed STK4 or the control 
GFP in primary mouse embryonic fibroblasts (MEFs) and mea-
sured numbers of cells showing significant p65 translocation into 
the nucleus after LPS stimulation. Nuclear import of p65 was sig-

Figure 4. STK4 increases TLR3/4-induced IFN-β production in macrophages. (A) WT and Stk4–/– BMMs were stimulated with LPS for 3 hours to evaluate 
mRNA levels of Ifnb by qRT-PCR. (B) WT and Stk4–/– BMMs (left), or PEMs transfected with Stk4 siRNA or scramble siRNA (right) were exposed to poly(I:C) 
for 3 hours to assess Ifnb mRNA levels. (C) TRIF, TBK1, IRF3, or IRF7 were overexpressed with STK4 and the IFN-β luciferase reporter plasmid in HEK293T 
cells to measure IFN-β luciferase activity. The cotransfected Renilla was used as an internal control. (D) IRF-3 phosphorylation levels in poly(I:C)-treated 
WT or Stk4–/– BMMs were checked by immunoblotting analysis. (E) Primary MEF cells overexpressing GFP, STK4, or the K59R mutant were stimulated 
with poly(I:C) to determine Ifnb mRNA levels. (F) TRIF, TBK1, and IRF3 were transfected with STK4 or K59R and the IFN-β luciferase reporter plasmid 
into HEK293T cells to measure IFN-β luciferase activity. Data represent mean ± SD (n ≥ 3). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 using 
2-tailed, unpaired Student’s t test (A–C), 2-way ANOVA (E), or 1-way (F) with Holm-Sidak’s multiple comparisons test.
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cells, STK4 overexpression decreased TLR4 surface expression in 
unstimulated or LPS-treated RAW264.7 cells (Supplemental Fig-
ure 3D). These results suggest that reduced TLR4 surface expres-
sion and NF-κB activation contribute to the suppression of proin-
flammatory cytokine production by STK4.

Multiple studies have reported that the kinase activity of STK4 
is required for cell apoptosis, cell adhesion, and migration via phos-
phorylation of its downstream targets, including FOXO, AKT, and 
YAP1 (13, 30, 31). To determine whether STK4 kinase activity is 
crucial for the production of proinflammatory cytokines, we over-
expressed the kinase-dead (KD) mutant of STK4 (termed K59R) 
and WT STK4 at the same level in primary MEFs (Figure 3C, left 
panel). Compared with the substantial inhibitory role of WT STK4, 
the K59R mutant failed to inhibit mRNA levels of Il6, Il1b, and Tnfa 
in response to LPS stimulation (Figure 3C, right panels).

STK4 increases TLR3/4-induced IFN-β production in macro-
phages. It has been revealed that TLR3/4 signaling–induced type-I 
interferon (IFN) production plays a significant role against HBV 
or HCV infection. We next assessed whether STK4 regulates the 
production of IFN-β in LPS or poly(I:C)-stimulated macrophages. 
Interestingly, in contrast to the inhibitory role of STK4 in the 

production of proinflammatory cytokines, knockdown of Stk4, 
or deficiency of Stk4 decreased mRNA levels of Ifnb in macro-
phages in response to LPS or poly(I:C) treatment (Figure 4, A and 
B). Consistent with this finding, STK4 overexpression enhanced 
Ifnb mRNA levels in LPS-treated RAW264.7 cells (Supplemental 
Figure 4A). In agreement with our previous report (6), when com-
pared with poly(I:C) treatment, CpG stimulation barely induced 
Ifnb mRNA expression in WT and Stk4-deficient macrophages 
(Supplemental Figure 4B). We therefore propose that STK4 might 
make a significant contribution to clearance of viral infection via 
the TLR3/4 signaling pathways and IFN-β production.

Since TRIF, TBK1, IRF3, and IRF7 are key regulators of IFN-β 
production, we next examined which molecules cooperated with 
STK4 in the IFN-β luciferase reporter system. TRIF, TBK1, IRF3, 
or IRF7 were overexpressed with STK4 in HEK293T cells, and the 
IFN-β luciferase readings were compared with those in cells trans-
fected with the empty vector or plasmids expressing only TRIF, 
TBK1, IRF3, or IRF7. Interestingly, overexpression of STK4 together 
with TRIF, TBK1, or IRF3 substantially enhanced IFN-β luciferase 
readings. In contrast, no significant enhancement was detected 
when STK4 was coexpressed with IRF-7 (Figure 4C). We then exam-

Figure 5. STK4 binds to and phosphorylates IRAK1. (A) HEK293T cells overexpressing HA-GFP, HA-IRAK1, Myc-STK4, or Myc-K59R were prepared for 
immunoprecipitation and immunoblotting with the indicated antibodies. (B) Immunoprecipitation was performed using anti-IRAK1 antibody from 
RAW264.7 cells, followed by immunoblotting with anti-IRAK1 or anti-STK4 antibodies. (C) HEK293T cells were transfected with HA-IRAK1 and Myc-STK4 
or the C-terminal deletion mutant Myc-STK4-ΔC, followed by immunoprecipitation and immunoblotting with the indicated antibodies. (D) HEK293T cells 
were transfected with Myc-STK4 and HA-IRAK1 or its truncated mutants, including the N-terminal fragment (100-750aa), the kinase domain (199-562aa), 
and the C-terminal end (562-750aa). Immunoprecipitation using anti-Myc antibody was performed followed by immumoblotting. (E) Immunoprecipitation 
using anti-IRAK1 antibody was performed from WT and Stk4–/– BMMs, followed by anti-IRAK1 immunoblotting. Samples were run on the same gel but not 
contiguous, as indicated by the black line. (A–E). Data represent the representative experiments from at least 3 independent experiments.
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ined whether STK4 regulates the phosphorylation levels of IRF-3 
and TBK1. Compared with WT macrophages, Stk4-deficient mac-
rophages reduced p-IRF3 levels in response to poly(I:C) stimulation 
(Figure 4D) and p-TBK1 levels in response to LPS treatment (Sup-
plemental Figure 4C). Next, we determined whether STK4 kinase 
activity was also needed for IFN-β production. Although WT STK4 
enhanced poly(I:C)-induced mRNA levels of Ifnb, the K59R mutant 
significantly blocked this effect (Figure 4E). Moreover, we observed 
that WT STK4 cooperated with TRIF, TBK1, or IRF3 to further 
enhance IFN-β luciferase readings, whereas the K59R mutant failed 
to achieve this effect (Figure 4F). STK3 is the homologue of STK4, 
which exerted no significant influence on TLR4/9-induced proin-
flammatory cytokine production or TLR3/4-induced IFN-β produc-
tion (Supplemental Figure 4D). Taking these findings together, we 
have demonstrated that STK4 is dependent on TRIF, TBK1, and 
IRF3 to enhance TLR3/4-mediated production of IFN-β.

STK4 binds to and phosphorylates IRAK1. It was previously 
reported that IRAK1 (IL-1 receptor–associated kinase 1) is phos-
phorylated at the serine/threonine (ser/thr) site for degradation, 

which then results in IRF3 activation and increased IFN-β produc-
tion (32–35). In contrast to its negative role in IFN-β production, 
IRAK1 promotes the TLR4-triggered production of proinflamma-
tory cytokines (34–36). We next asked whether the ser/thr kinase 
STK4 might interact with IRAK1 and thereby promote its phospho-
rylation and degradation, resulting in differential regulation of the 
TLR3/4 pathways. Myc-tagged STK4 and HA-tagged IRAK1 were 
overexpressed in HEK293T cells. Immunoprecipitation using 
anti-HA (IRAK1) antibodies pulled down Myc-tagged STK4, and 
vice versa (Figure 5A, left panel). Interestingly, the K59R mutant 
also pulled down HA-tagged IRAK1 (Figure 5A, right panel). We 
then confirmed that STK4 interacts with IRAK1 endogenously in 
RAW264.7 cells (Figure 5B). To map their interaction domains, 
the C-terminal domain of STK4 was deleted and termed STK4-
ΔC, which failed to interact with IRAK1 (Figure 5C). We then trun-
cated IRAK1 into 3 fragments that contained 100–750, 199–562, 
or 562–750 amino acids of IRAK1 and were tagged with HA. The 
IRAK1 fragments 100–750 and 199–562 interacted with STK4 but 
not the fragment 562–750 (Figure 5D).

Figure 6. STK4 regulates the TLR3/4 pathways via IRAK1. (A) WT and Stk4–/– BMMs were preincubated with the IRAK1/4 inhibitor or (B) PEMs were 
transfected with the scramble siRNA or Irak1 siRNA, followed by LPS treatment for 3 hours to measure mRNA levels of Il6, Il1b, and Tnfa by qRT-PCR or 
IL-6 concentrations in the supernatants by ELISA. 2-tailed, unpaired Student’s t test was used. (C) STK4, IRAK1, TRIF, and TBK1 were transfected with the 
IFN-β luciferase reporter into HEK293T cells to measure IFN-β luciferase activity. One-way ANOVA with Holm-Sidak’s multiple comparisons test was used. 
Data represent mean ± SD (n ≥ 4). *P < 0.05, **P < 0.01, and ****P < 0.0001.
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lation of WT BMMs. Interestingly, the expression level of IRAK1 
decreased in LPS-stimulated WT BMMs, suggesting IRAK1 degra-
dation. In contrast, IRAK1 phosphorylation and degradation was 
not observed in Stk4-deficient BMMs (Figure 5E). Furthermore, 
overexpression of the K59R mutant failed to induce phospho-
rylation of IRAK1 compared with overexpression of STK4 (Sup-

Next, we asked whether phosphorylation and degradation of 
IRAK1 was impaired in Stk4-deficient macrophages. Endogenous 
IRAK1 was immunoprecipitated from WT and Stk4–/– BM-derived 
macrophages (BMMs) that were untreated or stimulated with 
LPS for 40 minutes. IRAK1 was phosphorylated, and its position 
had shifted, as determined by immunoblotting, after LPS stimu-

Figure 7. STK4 protects mice from DEN- and LPS-induced HCC in vivo. (A) Scheme of the DEN-, CCl4-, and LPS-induced HCC model. Mice carrying 
macrophage-specific Stk4 deletion (Stk4ΔM/ΔM) and their littermate control (Stk4+/+) were i.p. injected with DEN (100 mg/kg). Four weeks later, these mice 
received weekly i.p. injections of CCl4 (0.5 ml/kg), plus daily subcutaneous injection of LPS (300 μg/kg, starting 1 week before the first CCl4 injection) 
for 12 weeks. Mice were sacrificed 28 weeks after DEN treatment. (B) Stk4+/+ (n ≥ 4) and Stk4ΔM/ΔM (n > 5) mice were treated with DEN for 48 hours, plus 
2 weekly injections of CCl4 and daily injection of LPS. Serum IL-6 levels and mRNA levels of Il6, Il1b, Ccl2, and Ifnb in livers were determined. (C and D) 
Stk4+/+ (n = 5) and Stk4ΔM/ΔM (n = 8) mice were treated with DEN, plus 2 weekly injections of CCl4 and daily injection of LPS. HE staining (scale bars: 50 
μm) and TUNEL assays (scale bar: 100 μm) of liver sections (C) or serum ALT and AST levels (D) were assessed. (E and F) Stk4+/+ (n = 4) and Stk4ΔM/ΔM 
mice (n = 8) were treated as described in (A) and sacrificed 28 weeks after DEN treatment. Sirius Red staining (E) or HE staining (F) of liver sections were 
performed (scale bars: 100 μm). Data represent mean ± SD. *P < 0.05 and ***P < 0.001 using 2-tailed, unpaired Student’s t test.
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tional 6 hours. Compared with the DMSO control, the IRAK1/4 
inhibitor significantly inhibited mRNA levels of Il6, Il1b, and Tnfa, 
as well as IL-6 secretion in LPS-induced macrophages. Importantly, 
the enhancement of IL-6, IL-1β, and TNF-α levels as a result of Stk4 
deficiency was substantially blocked by the IRAK1/4 inhibitor, 
resulting in similar levels to those found in WT cells (Figure 6A). To 
further confirm the effect of IRAK1, we silenced Irak1 expression in 
WT and Stk4–/– PEMs using specific siRNA (Supplemental Figure 

plemental Figure 5). These results suggest that the C-terminal 
domain of STK4 binds to the kinase domain of IRAK1, leading to 
IRAK1 phosphorylation and degradation.

STK4 regulates the TLR3/4 pathways via IRAK1. We next inves-
tigated whether IRAK1 cooperates with STK4 to differentially reg-
ulate production of proinflammatory cytokines and IFN-β. WT and 
Stk4-deficient BMMs were pretreated with the IRAK1/4 inhibitor or 
a DMSO control for 1 hour, then stimulated with LPS for an addi-

Figure 8. STK4 protects mice from DEN and bacterial infection–induced HCC in vivo. (A) Scheme of the DEN, CCl4, and E. coli–induced HCC model. Stk4+/+ 
and Stk4ΔM/ΔM mice were injected with DEN (100 mg/kg, i.p.). Four weeks later, these mice received 12 weekly injections of CCl4 (0.5 ml/kg, i.p.), plus 4 
monthly E. coli infection (5,000 CFU i.v., starting 1 week before the first CCl4 injection). Mice were sacrificed 36 weeks after DEN treatment. (B) Serum IL-6 
concentrations were determined from Stk4+/+ (n = 10) and Stk4ΔM/ΔM (n = 6) mice, which were treated with DEN, plus 7 injections of CCl4 and monthly E. coli  
infection. (C) Stk4+/+ (n = 3) and Stk4ΔM/ΔM (n = 4) male mice were treated with DEN, plus 10 injections of CCl4 and monthly E. coli infection. Serum ALT 
and AST levels were measured to assess liver injury. (D–F) Stk4+/+ (n ≥ 3) and Stk4ΔM/ΔM (n > 5) mice were treated with DEN, plus 12 injections of CCl4 and 
monthly E. coli infection, and sacrificed at 36 weeks. Sirius Red staining (D, scale bar: 100 μm) or HE staining (E, scale bars: 2 mm [left], 50 μm [right]) of 
liver sections were shown. qRT-PCR was performed to assess mRNA levels of H19 and Ki67 in livers (F) (n ≥ 3). Data represent mean ± SD. *P < 0.05 and 
****P < 0.0001 using 2-tailed, unpaired Student’s t test.
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TBKI alone (Figure 6C). Taken together, our data indicate that 
STK4 is dependent on its substrate IRAK1 to inhibit proinflamma-
tory cytokine production and increase IFN-β expression.

STK4 protects mice from chronic inflammation–induced HCC in 
vivo. Accumulated studies have provided convincing evidence elu-
cidating that chronic inflammation plays a critical role in inducing 
HCC — e.g., liver macrophage–derived IL-6 contributes to HCC 
development (37–39) — and TNF-α is injurious for induction of 
hepatocyte apoptosis (40). In addition, IFN-β is suggested to facil-
itate host clearance of pathogens, including HBV and HCV (41). 
Because we observed that STK4 impaired IL-6 and TNF-α produc-
tion (Figures 2 and 3) but enhanced IFN-β levels (Figure 4), it was 
key to address whether the regulatory role of STK4 in the macro-
phage-mediated inflammatory response could prevent pathogen 
infection–associated HCC.

Although loss of STK4 initiates hepatocyte proliferation with 
dramatic resistance to proapoptotic stimuli, resulting in the devel-

6A). After knocking down IRAK1, mRNA levels of proinflammatory 
cytokines were significantly reduced in Stk4-deficient PEMs and 
were no longer higher than the levels in the control cells (Figure 6B). 
Consistent with this finding, the concentrations of IL-6 and TNF-α 
in Stk4-deficient PEMs were also substantially dampened by Irak1 
siRNA (Supplemental Figure 6B). Because STK4-ΔC failed to inter-
act with IRAK1 (Figure 5C), we also confirmed that overexpressed 
STK4-ΔC lost the ability to inhibit mRNA levels of Il6, Il1b, and Tnfa 
in LPS-treated RAW264.7 cells (Supplemental Figure 6C).

Next, we used the luciferase reporter assay to examine 
whether IRAK1 cooperates with STK4 for TRIF- or TBK1-induced 
IFN-β expression. In agreement with previous reports (32, 33), 
overexpression of IRAK1 with TRIF or TBK1 reduced the IFN-β 
luciferase readings (Supplemental Figure 6D). We observed that 
STK4 overexpression indeed enhanced the IFN-β luciferase read-
ings; importantly, overexpression of IRAK1 rescued this effect, 
resulting in similar levels to those found in samples with TRIF or 

Figure 9. The inverse correla-
tion of STK4 expression with 
IRAK1 levels in macrophages 
from human HCC samples. (A) 
HE staining (scale bar: 100 μm) 
and IHC staining (scale bar: 50 
μm) with anti-CD68, anti-STK4, 
and anti-IRAK1 of human liver 
sections from paracarcinoma tis-
sue and tumors of HCC patients. 
(B) The adjacent sections from 
human HCC tumors or healthy liv-
ers were stained with anti-CD68, 
anti-STK4, or anti-IRAK1 (scale 
bars: 50 μm). (C) IRAK1 and STK4 
expression in liver-infiltrated  
macrophages from HCC patients 
was examined by FACS (n = 9),  
and their correlation was 
assessed with Pearson’s test. 
(D) Mice were i.p. injected the 
IRAK1/4 inhibitor (3 mg/kg, twice 
a week), starting 1 week before 
the first CCl4 injection. Serum IL-6 
levels (WT [n = 7], Stk4–/– [n = 5], 
WT+IRAK1 Inh [n = 7], and Stk4–/– 
+IRAK1 Inh [n = 7]) were checked 
6 weeks after DEN treatment (left 
panel), and liver tumor formation 
(n = 3) was detected by micro-
CT imaging 18 weeks after DEN 
treatment (right panel). One-way 
ANOVA with Newman-Keuls or 
Holm-Sidak’s multiple com-
parisons test was used. Data 
represent mean ± SD. *P < 0.05.
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ferase (AST) levels was also exacerbated in these Stk4ΔM/ΔM mice 
(Figure 7D). Taken together, our data show that Stk4ΔM/ΔM mice dis-
played heightened inflammation and liver injury at the early stage 
(at 6 weeks) after treatment with DEN, CCl4, and LPS.

Dying hepatocytes release various mediators to support 
myofibroblast proliferation and extracellular matrix production, 
which lead to the induction of liver fibrosis. During chronic liver 
damage–induced inflammation, fibrosis acts as a precursor of cir-
rhosis, and the liver cytoarchitecture is eventually disrupted by 
excessive extracellular matrix deposition (42). We next detected 
liver fibrosis at the late stage (7 months) after DEN, CCl4, and 
LPS treatment by Sirius Red staining, which showed heavier liver 
fibrosis in Stk4ΔM/ΔM mice than in WT mice (Figure 7E). Moreover, 
Stk4ΔM/ΔM mice increased numbers and size of tumors compared 
with WT controls (Figure 7F).

Recently, studies have suggested that when liver physiology 
is disrupted, gut microflora (especially gram-negative bacteria) 
propagate inflammation and thereby exacerbate liver fibrosis 
or liver carcinoma (43). Moreover, clinical studies have demon-
strated that bacterial infections of the liver are frequently detected 
and involved in the process of inflammation-associated human 
cirrhosis or HCC (44). To mimic pathogen infection–induced 

opment of HCC (13), we observed that Stk4 deficiency showed 
no significant effect on apoptosis in resting, LPS-treated, or 
poly(I:C)-treated macrophages (Supplemental Figure 7). Next, we 
cross-bred mice bearing loxP sites flanking exons 4–5 of the Stk4 
gene (i.e., Stk4fl/fl) with lysozyme (Lysm-Cre) mice to specifically 
knock out STK4 expression in macrophages (termed Stk4ΔM/ΔM  
mice). Stk4ΔM/ΔM mice and their WT Stk4+/+ littermates were 
treated with DEN and hepatotoxin carbon tetrachloride (CCl4) in 
combination with low doses of LPS to generate a chronic inflam-
mation–associated liver cancer model, as previously reported (ref. 
3 and Figure 7A). Compared with the WT controls, IL-6 concen-
trations in the serum were enhanced in Stk4ΔM/ΔM mice 48 hours 
after DEN treatment (Figure 7B, left panel). Stk4ΔM/ΔM mice exhib-
ited further-enhanced serum IL-6 levels after injection of DEN, 
plus 2 subsequent injections of CCl4 with daily LPS treatment for 2 
weeks (Figure 7B, right panels). Furthermore, mRNA levels of Il6, 
Il1b, and Ccl2 were increased and Ifnb mRNA levels were reduced 
in the livers of Stk4ΔM/ΔM mice (Figure 7B, right panels). In line with 
this, we observed excessive accumulation of immune cells by HE 
staining and more apoptotic cells by TUNEL staining in the liv-
ers of Stk4ΔM/ΔM mice (Figure 7C). The liver injury determined by 
serum alanine aminotransferase (ALT) and aspartate aminotrans-

Figure 10. STK4 expression is inversely correlated with the levels of p-p65 and p-STAT3 in macrophages from human HCC samples. (A and B) PBMCs 
from healthy (n = 7) and HCC patients (n = 12) were stained with anti-CD11b, anti-CD14, anti-STK4, anti-phospho65, and anti-phosphoSTAT3 for FACS  
analysis (2-tailed, unpaired Student’s t test), and their correlation (n = 16) was determined by Pearson’s test. (C) p-STAT3 levels were examined by immu-
noblotting in WT and Stk4–/– BMMs after IL-6 (100 ng/ml) treatment. (D) Plasma IL-6 and STK4 concentrations were evaluated from healthy (n = 40) and 
HCC patients (n = 59) to analyze their correlation using Pearson’s test. One-way ANOVA with Holm-Sidak’s multiple comparisons test was used. Data 
represent mean ± SD. *P < 0.05, **P < 0.01, and ****P < 0.0001.
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ation in liver tumor cells, we examined the possibility to target 
IRAK1 for antiinflammation and antitumor treatment. WT and 
Stk4 KO mice were i.p. injected with the IRAK1/4 inhibitor, starting 
1 week before the first CCl4 injection. In response to the IRAK1/4 
inhibitor, serum IL-6 levels were significantly reduced in Stk4 KO 
mice to similar levels as those in WT mice at the early stage after 
DEN, CCl4, and LPS treatment (6 weeks after DEN treatment, 
Figure 9D, left panel). Liver tumor formation was detected by 
micro-CT imaging 18 weeks after DEN treatment (Supplemental 
Figure 9). Stk4 KO mice displayed more tumors than WT control 
mice; however, after treatment with the IRAK1/4 inhibitor, Stk4 
KO mice reduced the number of liver tumors to similar degree as 
those in WT mice (Figure 9D, right panel).

Interestingly, compared with healthy donors, we found higher 
percentages of CD14+CD11b+ monocytes/macrophages in the 
blood of HCC patients, and these cells had significantly downregu-
lated STK4 expression (Figure 10A and Supplemental Figure 10A). 
More importantly, FACS analysis revealed that the phosphoryla-
tion levels of p65, as well as STAT3, inversely correlated with STK4 
expression in CD14+CD11b+ monocytes/macrophages from the 
blood of HCC patients (Figure 10B). To further confirm this, we also 
analyzed CD11b+ macrophages/KCs from the liver tumors of HCC 
patients, which indeed showed that STK4 expression inversely 
correlated with the phosphorylation levels of p65 and STAT3 (Sup-
plemental Figure 10B). Previous studies have shown that STAT3 
is constitutively activated both in tumor cells and in immune cells 
in the human tumor microenvironment, resulting in not only the 
upregulation of genes crucial for survival, proliferation, angiogen-
esis, and metastasis, but also induction of expression of immune 
suppressive factors. To examine the connection between STK4 
and STAT3, WT and Stk4–/– macrophages were treated with IL-6 ex 
vivo. In line with the inverse association between STK4 expression 
and phospho-Stat3 (p-STAT3) levels, we observed that p-STAT3 
levels were increased in Stk4–/– macrophages (Figure 10C). We also 
sequenced p53 and STAT3 in human HCC samples and identified 
p53 mutations in most of the samples, while there was no correla-
tion between p53 or STAT3 mutations and the expression levels of 
Stk4 or IL-6 (Supplemental Table 2). We next investigated whether 
there is any correlation of p53 or STAT3 and STK4 at mRNA levels 
in human HCC samples. Data of 369 HCC samples provided by the 
TCGA program were analyzed, and no significant correlation was 
identified (Supplemental Figure 10C).

Because plasma STK4 concentrations can be detected by 
a method such as ELISA, we next asked whether plasma STK4 
could be used as a new biomarker to identify a specific popula-
tion of human HCC patients. We collected blood samples from 
healthy patients (n = 45) and HCC patients (n = 59). Based on the 
plasma IL-6 levels, we divided the HCC patients into 2 groups 
with different degrees of inflammation (i.e., serum IL-6lo versus 
serum IL-6hi) (Figure 10D, left panel). Interestingly, we observed 
a significant reduction in the plasma STK4 concentration only in 
IL-6hi HCC patients compared with healthy controls (Figure 10D, 
middle panel). Additionally, an inverse correlation was detected 
between the plasma IL-6 levels and plasma STK4 concentrations 
in HCC patients (Figure 10D, right panel). Next, we compared the 
levels of genome transcripts from IL-6loSTK4hi versus IL-6hiSTK4lo 
human liver tumors. In agreement with the role of STK4, genes 

HCC, we established a mouse model using DEN and CCl4 treat-
ment, plus monthly E. coli infection to induce chronic inflamma-
tion and liver cancer (Figure 8A). Similar to the LPS-treated HCC 
model, serum IL-6 levels were increased at the early stage after 
DEN and CCl4 treatment, plus E. coli infection (11 weeks) (Fig-
ure 8B). We also detected more liver injury in Stk4ΔM/ΔM mice, as 
determined by serum ALT and AST levels after DEN treatment, 
plus 10 injections of CCl4 and 2 rounds of E. coli infection (Figure 
8C). By 36 weeks, we detected increased levels of fibrillar collagen 
deposition around portal veins by Sirius Red staining in the livers 
of Stk4ΔM/ΔM mice (Figure 8D). Moreover, Stk4ΔM/ΔM mice displayed 
more liver tumors with the disrupted liver cytoarchitecture shown 
by HE staining (Figure 8E), and enhanced expression of the onco-
gene H19, as well as the cell proliferation gene Ki67 (Figure 8F). 
Collectively, we have established 2 different mouse models to 
demonstrate the protective role of STK4 in macrophages during 
chronic inflammation–induced HCC. 

Because macrophage plasticity (i.e., polarization into M1 ver-
sus M2 macrophages) has key roles in tumorigenesis, we assessed 
whether STK4 also regulates M2-associated gene expression — 
including Arg1, Ym1, Fizz1, and Il10 expression — during the process 
of HCC. The mRNA levels of Arg1, Ym1, Fizz1, and Il10 were com-
parable between WT and Stk4ΔM/ΔM mice at the early stage (5 weeks) 
or late stage (7 and 9 months) after treatment with DEN, CCl4, and 
LPS (Supplemental Figure 8, A–C). Moreover, we did not observe 
significant changes in mRNA levels of Arg1, Ym1, and Fizz1 between 
WT and Stk4–/– macrophages that had been stimulated with IL-4 
and IL-13 in vitro (Supplemental Figure 8D). We suggest that during 
chronic inflammation–induced HCC, STK4 in macrophages might 
mainly regulate the production of proinflammatory cytokines.

The inverse correlation of STK4 expression with the levels of 
IRAK1, IL-6, phospho-p65 and phospho-STAT3 in macrophages 
from human HCC samples. The next crucial question was to ask 
whether STK4 expression in macrophages is relevant to human 
HCC. Samples from HBV-infected HCC patients were collected 
and compared with those from controls. First, compared with 
paracarcinoma tissue, more CD68+ macrophages accumulated in 
human liver tumors, as determined by IHC staining (Figure 9A). 
In contrast, much less expression of STK4 was detected in human 
liver tumors than in paracarcinoma tissue, and this was inversely 
correlated with IRAK1 staining (Figure 9A). Because we showed 
in Figure 5 that STK4 phosphorylates IRAK1 and promotes IRAK1 
degradation, thereby differentially regulating the TLR3/4 path-
ways, the next key issue was whether STK4 expression correlates 
with IRAK1 levels in macrophages in human HCC. To investigate 
this, we stained the adjacent liver tissue sections with anti-CD68, 
anti-STK4, and anti-IRAK1. Compared with the adjacent healthy 
liver tissue, STK4 expression was decreased in tumor-infiltrating 
macrophages identified by CD68+ staining; in contrast, IRAK1 was 
expressed at relatively higher levels in these macrophages (Figure 
9B). To further confirm this, we labeled intrahepatic macrophages 
from human HCC samples using anti-CD11b staining and then 
analyzed the expression levels of STK4 and IRAK1 by FACS anal-
ysis. We revealed that STK4 expression inversely correlated with 
IRAK1 levels in these tumor-infiltrating macrophages (Figure 9C).

Considering that IRAK1 plays key roles for proinflammatory 
cytokine production in macrophages, as well as for cell prolifer-
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module represents a unique signaling complex that differentially 
regulates the TLR3/4/9-mediated production of proinflammatory 
cytokines and type-I IFNs.

Persistent infection and infiltration of immune cells into 
infection sites can lead to chronic inflammation, which is closely 
linked to HCC development. Recent efforts have revealed several 
essential effectors that act as both tumor suppressors and anti-
inflammation regulators, thereby linking immune cell–mediated 
inflammation and tumorigenic progress in hepatocytes. For exam-
ple, the ubiquitin-editing enzyme A20 (also termed TNFAIP3) is 
a tumor suppressor that blocks tumor cell–intrinsic NF-κB signals 
(45). A20 has recently been identified in myeloid cells and tar-
gets TRAF6, MALT1, or NEMO for degradation, thereby restrain-
ing the TLR-induced inflammatory response (46). Similar to the 
dual role of A20, the deubiquitination enzyme cylindromatosis 
(CYLD) not only acts as a tumor suppressor, but also suppresses 
the TLR/NF-κB–dependent inflammatory response in macro-
phages (40, 47, 48). Therefore, A20 and CYLD have been pro-
posed as biomarkers that link protumorigenic inflammation to 
tumorigenesis. This study identified that, in addition to the above 
enzymes, the kinase STK4 also functions in both immune cells 
and hepatocytes to suppress chronic inflammation–associated 
HCC. Additionally, STK4 enhances TLR3/4-mediated IFN-β pro-
duction. It has been demonstrated that IFN-β facilitates the clear-
ance of invading pathogens (49, 50). In addition, IFN-β treatment 
reduces the risk of HCV-associated HCC (51). Considering that 
there are currently no available murine models that precisely 
mimic HBV infection–induced HCC in humans, we were unable 
to examine the relevant role of STK4-mediated IFN-β production 
in alleviating the development of HCC.

To investigate whether the kinase STK4 is a potential bio-
marker, we induced inflammation-associated HCC using DEN 
and CCl4 in combination with low-dose LPS stimulation, as the 
previous study reported (3). Moreover, we generated a new chronic 
inflammation–induced HCC murine model using monthly E. coli 
infection (instead of LPS treatment). These 2 models incorporate 
chronic inflammation, as well as liver injury and fibrogenesis, thus 
mimicking the development of inflammation-associated HCC 
in human patients. With these animal models, we showed that 
macrophage-specific deletion of Stk4 enhanced the production of 
IL-6, IL-1β, and CCL2 and decreased the production of IFN-β in 
the liver. Previous studies have reported that long-lasting chronic 
inflammation mediated by immune cells may lead to the induc-
tion of oncogenic mutations. Furthermore, the local inflammatory 
environment promotes tumor cell secretion of chemokines such as 
CCL2, thereby recruiting more immune cells and elevating IL-1β 
and IL-6 levels, which feed back to promote hepatoma cell pro-
liferation (52). In agreement with this scenario, our data showed 
that proinflammatory cytokines or bacterial infections reduced 
STK4 expression and enhanced proinflammatory cytokine and 
CCL2 production in hepatocytes. In addition, we observed that 
tumor-infiltrating T cells reduced STK4 expression (Supplemen-
tal Figure 1F). Previous studies have demonstrated that STK4 is 
critical for naive T cell survival and immune surveillance against 
infections, while human immunodeficiency phenotype is associ-
ated with Stk4 deficiency or mutation and primarily characterized 
by a progressive loss of naive T cells (15, 53, 54). This suggests that 

related to cell cycle arrest and chromatin condensation were ele-
vated in IL-6loSTK4hi samples, while genes related to inflamma-
tion and proliferation were highly expressed in IL-6hiSTK4lo sam-
ples (Supplemental Figure 10D). We therefore suggest that plasma 
STK4 might be a new biomarker for a group of HCC patients who 
display a relatively high degree of inflammation.

Furthermore, we noted that treatment with exogenous IL-1β 
or LPS, or infection with bacterial SL1344 reduced the mRNA lev-
els of Stk4 in murine primary hepatocytes (Supplemental Figure 
10E, left panel). Importantly, the human cell line HepG2 also had 
decreased Stk4 expression after stimulation with exogenous IL-6, 
IL-1β, or TNF-α (Supplemental Figure 10F, left panel). In addition, 
we measured the mRNA levels of Ccl2, Il1b, and Il6 in murine 
primary hepatocytes (Supplemental Figure 10E, right panels) 
or human HepG2 cells (Supplemental Figure 10F, right panels). 
Interestingly, after stimulation with the proinflammatory cyto-
kines or LPS, or infection with SL1344, murine or human hepato-
cytes enhanced the production of Ccl2, Il1b and Il6. This suggests 
that Stk4 is a critical antiinflammatory gene and its expression is 
downregulated to induce inflammatory responses in macrophages 
after infection; inflammation then triggers downregulation of 
STK4 expression in hepatocytes, which results in further enhance-
ment of inflammation by hepatocytes or liver tumor cells (see the 
model in Supplemental Figure 10G).

Our study collected data from murine models and clinical 
HCC samples and demonstrated that STK4 in macrophages plays 
a protective role during chronic inflammation–induced HCC via 
IRAK1 in a cell-intrinsic manner. We have provided evidence 
showing that, in addition to being a tumor suppressor, STK4 acts 
as an antiinflammatory regulator in macrophages and thereby 
blocks chronic inflammation–associated HCC.

Discussion
The association between chronic inflammation and human can-
cers has been extensively studied. Recent studies have identified 
several key tumor suppressors that can play a dual role in inducing 
inflammation and cancer (2). STK4 is a key TSG in HCC and is 
generally expressed in immune cells. However, its regulatory role 
in TLR pathway–mediated inflammatory responses and in inflam-
mation-associated HCC is not fully understood. In addition, to our 
knowledge, only a few key regulators (such as SHP-1) have been 
identified to inhibit NF-κB–mediated inflammation but enhance 
IRF-3–mediated IFN production via different TLR pathways (32).

This study revealed that STK4 has an inhibitory function in 
the TLR4/9-mediated production of proinflammatory cytokines, 
including IL-6, IL-1β, and TNF-α. In contrast, STK4 heightens 
TLR3/4-induced type-I IFN production. This might be due to the 
fact that STK4 can bind to and phosphorylate IRAK1. Previous 
reports have suggested that IRAK1 is an important component of 
TLR pathways and that it differentially regulates the activation 
of NF-κB and IRF3 (33, 34). Moreover, the phosphorylation of 
IRAK1 at its ser/thr sites activates IRAK1, leading to its degrada-
tion by a proteasome-dependent process (35). Our study applied 
several strategies — including the use of an IRAK1 inhibitor, spe-
cific siRNA, and a luciferase reporter system — and demonstrated 
that IRAK1 is indispensable for the regulatory role of STK4 in the 
TLR3/4/9 pathways. We therefore propose that the STK4-IRAK1 
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28–36 weeks after the initial DEN injection to evaluate the develop-
ment of HCC. For in vivo treatment of the IRAK1/4 inhibitor, WT or 
Stk4 KO mice were i.p. injected with the IRAK1/4 inhibitor (3 mg/kg,  
twice a week, starting 1 week before the first CCl4 injection) for 9 
weeks. Serum IL-6 was assessed 6 weeks after DEN treatment by 
ELISA, while liver tumor formation was detected by micro-CT imag-
ing 18 weeks after DEN treatment.

Micro-CT imaging. The micro-CT contrast agent Fenestra LC 
nano-emulsions are manufactured by sheer-induced rupturing of 
lipids with 10% iodinated triglycerides (MediLumine). The particle 
size of lipid spheres are under 150 nm, which could pass through 
fenestrae in hepatic portal vessels and access hepatocytes. The 
iodine concentration in Fenestra LC is 50 mg/ml, and mice were i.v. 
injected in a dose of 7.5 ml/kg and imaged at 4 hours after injection. 
Mice were anesthetized with isoflurance inhalation and scanned 
with the micro-CT from PerkinElmer. The scanning protocol was 
programmed to acquire images while continuously rotating mice 
by 360° within 14 minutes, and the images were analyzed using the 
software provided by Perkin Elmer. In the 2-D images, tumors were 
shown with lower density. Three-D virtual-reality and rendering 
software was used to create 3-D transparent simulations, showing 
tumors in green and livers in pink.

Induction of endotoxin shock. For endotoxin shock induction, WT 
and Stk4–/– mice were i.p. injected with LPS (3 mg/per mouse). Three 
days later, serum was collected to measure concentrations of IL-6 and 
TNF-α by ELISA (eBioscience), and lung tissue damage was assessed 
by HE staining.

Histological analysis. Paraffin-embedded samples were prepared 
from lung or liver of the experimental mice or HCC patients. HE or 
Sirius Red dissolved in saturated picric acid (0.1%) was used to stain 
liver sections. TUNEL assays were performed using the ApoAlert DNA 
Fragmentation Assay Kit (Clontech). Liver injury was assessed via 
measuring ALT and AST activity in serum. Blood and liver tumor sam-
ples from HCC patients were obtained from Huadong Hospital, Wuhan 
Tumor Hospital, and Zhongshan Hospital, Shanghai, China. Blood 
from healthy donors was from Huashan Hospital, Shanghai, China.

Cell culture. PEMs were harvested from mice with i.p. injection 
of 3% Brewer thioglycollate medium. BM cells were cultured with 
L929-conditioned completed DMEM medium for a week to generate 
BMMs. Infiltrated immune cells in liver tissue were isolated by isoden-
sity centrifugation with Percoll (GE Healthcare; catalog 17-0891-01). 
PBMC were prepared from human blood using lymphocyte separation 
medium (MP Biomedicals). Primary murine PEMs, BMMs, MEF cells, 
fresh isolated hepatocytes, HEK293T, and RAW264.7 cell lines were 
cultured in complete DMEM supplemented with 10% (v/v) FBS and 
1% penicillin/streptomycin (100 U/ml) at 37°C with 5% CO2.

Statistics. Statistical data analysis was performed with Graph-
pad Prism 6.0 software. Data represent mean ± SD. Statistical sig-
nificance was determined with 2-tailed unpaired Student’s t test 
between 2 groups. One-way or 2-way ANOVA with Holm-Sidak 
correction or with Newman-Keuls correction were used for multiple 
comparisons. Correlations were done using Pearson’s or Spearman’s 
tests. P < 0.05 was considered statistically significant (*P < 0.05,  
**P < 0.01, ***P < 0.001, and ****P < 0.0001).

Study approval. All animal procedures were conducted in strict 
accordance with the institutional guidelines and were approved by the 
Institutional Animal Care and Use Committee of Shanghai Institute of 

STK4 reduction regulates the crosstalk between macrophages and 
liver tumor cells to exacerbate inflammation, which might also 
result in reduced T cell–mediated immune surveillance, eventu-
ally rendering Stk4ΔM/ΔM mice more susceptible to liver damage 
and subsequent tumor formation.

Because the current chemotherapy for HCC is not effective, 
identification of the molecular markers correlating with early 
diagnosis of HCC is essential for effective prevention of progres-
sion. Our study has provided the first evidence that the IL-6hi pop-
ulation of HCC patients displays reduced plasma STK4 concentra-
tions. This suggests that plasma STK4 might be a new biomarker 
of inflammation-associated human HCC, showing improved 
cost effectiveness and high-throughput screening of high-risk 
populations (e.g., HBV- or HCV-infected subjects with defective 
liver function) for early detection of inflammation-associated 
HCC. We further demonstrated that reduced STK4 expression 
is inversely correlated with the levels of the downstream targets 
IRAK1, phospho-p65 (p-p65), and p-STAT3 in macrophages from 
human HCC samples. Previous reports suggest that activation 
of STAT3 or NF-κB is enhanced in human HCC (55–57). Consid-
ering that IRAK1 and NF-κB play key roles in proinflammatory 
cytokine production and in liver tumor cell proliferation, we and 
others showed that inhibitors of IRAK1 and NF-κB could be used 
against leukemia and HCC (Figure 9D and refs. 58, 59). Notably, 
serum STK4 levels have been suggested for the diagnosis of col-
orectal cancer, which is also a chronic inflammation–associated 
cancer (60). Future work should address in detail whether STK4 
is a biomarker in other types of inflammation-associated tumors, 
such as gastric carcinoma, and whether and how STK4 expres-
sion is correlated with the activation status of NF-κB and STAT3 
in tumor cells. These findings might propose STK4 as a promising 
strategy for interrupting the proinflammatory microenvironment 
and blocking HCC.

Methods
Further information can be found in Supplemental Methods.
Mice. Stk4fl/fl mice bearing loxP sites flanking exons 4-5 of the Stk4 
gene were cross-bred with Lysm-Cre mice to specifically knock out 
Stk4 expression in the myeloid cell lineage, including macrophages 
(termed Stk4ΔM/ΔM mice). Stk4fl/fl, Stk4–/–, and Stk3–/– mice on the 129Sv 
background were obtained from the Tao lab at Fudan University, 
Shanghai, China. Stk4ΔM/ΔM mice were backcrossed to a 129Sv back-
ground 3 times. Stk4ΔM/ΔM, Stk4–/–, and Stk3–/– mice or their littermates 
were bred and maintained under Specific Pathogen Free (SPF) con-
ditions in the institutional animal facility of the Shanghai Institute 
of Biochemistry and Cell Biology. Age- and sex-matched littermates 
were used as control mice. All in vivo and in vitro experiments were 
performed on 8- to 12-week-old mice.

Induction of chronic inflammation–associated HCC model. The 
WT male littermates Stk4+/+ and Stk4ΔM/ΔM mice (8 weeks) were i.p. 
injected with DEN (100 mg/kg). Four weeks later, mice were weekly 
i.p. injected with CCl4 (0.5 ml/kg, dissolved in olive oil) for 12 weeks. 
Low doses of LPS were applied to induce inflammation-associated 
HCC as previously described (3). One week before the first CCl4 
injection, DEN-treated mice were s.c. injected with LPS (300 μg/
kg/d) for 12 weeks. Alternatively, DEN-treated mice were monthly 
i.v. injected with E. coli (5 × 103 CFU) 4 times. Mice were sacrificed 
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