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Abstract
Tumor metastasis is the leading cause of death worldwide and involves an extremely 
complex process composed of multiple steps. Our previous study demonstrated that 
apoptosis signal- regulating kinase 1 (ASK1) deficiency in mice attenuates tumor metas-
tasis in an experimental lung metastasis model. However, the steps of tumor metastasis 
regulated by ASK1 remain unclear. Here, we showed that ASK1 deficiency in mice pro-
motes natural killer (NK) cell- mediated intravascular tumor cell clearance in the initial 
hours of metastasis. In response to tumor inoculation, ASK1 deficiency upregulated 
immune response- related genes, including interferon- gamma (IFNγ). We also revealed 
that NK cells are required for these anti- metastatic phenotypes. ASK1 deficiency aug-
mented cytokine production chemoattractive to NK cells possibly through induction of 
the ligand for NKG2D, a key activating receptor of NK cells, leading to further recruit-
ment of NK cells into the lung. These results indicate that ASK1 negatively regulates 
NK cell- dependent anti- tumor immunity and that ASK1- targeted therapy can provide a 
new tool for cancer immunotherapy to overcome tumor metastasis.
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1  | INTRODUC TION

Tumor metastasis is the process of cancer cells spreading from pri-
mary lesions to distant organs and accounts for a large part of cancer 
mortality.1 However, limited progress has been made in the treat-
ment of tumor metastasis, mainly due to the complex metastatic 
process. Although some molecular mechanisms of metastasis have 
been elucidated to date, there remain many unanswered questions, 
especially how intravascular tumor cells are eliminated during dis-
semination. Hence, further elucidation of the molecular mechanisms 
is needed to develop novel therapies to prevent tumor metastasis at 
early stages.

Apoptosis signal- regulating kinase 1 (ASK1) is a MAPK kinase- 
kinase that activates downstream MAPKs, JNK, and p38 in response 
to various stimuli.2,3 We previously demonstrated that metastasis 
was markedly attenuated in ASK1- deficient (ASK1−/−) mice at 14 d 
after iv injection of tumor cells in an experimental lung metastasis 
model. Furthermore, time- dependent analysis demonstrated the in-
volvement of ASK1 in the metastatic process within 3 d after tumor 
cell inoculation. The experimental metastatic process in the first few 
days involves many steps. Injected tumor cells travel through the 
bloodstream and are arrested in the lung microvasculature within a 
few minutes. The trapped tumor cells then form emboli and adhere 
to endothelial cells. Extravasation and initial seeding into the stroma 
usually occur within 1- 3 d after initial arrest.4 Among these multiple 
steps, those involving ASK1 are unclear.

Natural killer (NK) cells are cytotoxic lymphocytes of the in-
nate immune system involved in early immune responses against 
tumor cells. Accumulating evidence suggests that NK cells can pre-
vent tumor metastasis in an experimental lung metastasis model.5,6 
Moreover, NK cells can kill intravascular tumor cells in the initial 
steps of the metastatic process.7,8

In this study, we revealed that ASK1 deficiency in mice promotes 
intravascular tumor cell clearance through enhanced cytokine pro-
duction of NK cells as well as NK cell recruitment to the metastatic 
lung.

2  | MATERIAL S AND METHODS

2.1 | Mice

ASK1−/− mice and mice harboring the ASK1 floxed allele (ASK1F/F) 
on a C57BL/6 background were generated and described previ-
ously.3,9,10 Ncr1- cre mice were kindly provided by Dr. Veronika Sexl.11 
Pf4- cre mice were purchased from the Jackson Laboratory. Lysm- cre 
mice were provided from RIKEN. Cdh5- cre mice were obtained from 
National Institutes of Biomedical Innovation, Health and Nutrition.12 
The mice were maintained in a specific pathogen- free facility and age- 
matched female 8-  to 16- wk- old mice were used. All the experiments 
were performed following the experimental protocol approved by 
the animal ethics committee of the University of Tokyo.

2.2 | Cell culture

MCA205 methylcholanthrene- induced fibrosarcoma was generously 
provided by S. A. Rosenberg (National Cancer Institute, Bethesda, 
MD). Lewis lung carcinoma 3LL cells and sarcoma MCA205 cells 
with luciferase expression (3LL- Luc2 cells and MCA205- Luc2 cells, 
respectively) were kindly provided by Dr. Yoshihiro Hayakawa. 3LL- 
Luc2 cells were maintained in RPMI- 1640 medium (Sigma) with 
100 units/mL penicillin G and 10% FBS. MCA205- Luc2 cells were 
maintained in RPMI- 1640 medium with 100 units/mL penicillin G, 
10% FBS and 200 μg/mL hygromycin B. Melanoma B16F10 cells with 
luciferase expression (B16F10- luc- G5 cells; Xenogen Corp.) were 
maintained in DMEM- high glucose medium (Sigma) with 100 units/
mL penicillin G, 10% FBS and 0.25 mg/mL zeocin. RAW264.7 cells 
were maintained in RPMI- 1640 medium with 10% FBS. HEK293T 
cells were maintained in DMEM- high glucose medium with 10% FBS. 
Cells were cultured in 5% CO2 at 37°C.

2.3 | Tumor cell inoculation

For experimental lung metastasis model, the following numbers 
of tumor cells or control phosphate- buffered saline (PBS) were in-
jected iv: 6 × 105 or 1 × 106 cells/mouse for 3LL- Luc2 cells, 7 × 105 
cells/mouse for B16F10- luc- G5 cells and 8 × 105 cells/mouse for 
MCA205- Luc2 cells. At indicated time points after iv injection, lungs 
were dissected and analyzed by luciferase activity assay, flow cy-
tometry, ELISA, DNA microarray, and/or quantitative PCR.

2.4 | Luciferase activity assay

Lungs were homogenized in Luciferase Culture Lysis 5× Reagent 
(Promega) diluted with distilled water. The supernatants were col-
lected after centrifugation and analyzed by Luciferase Assay System 
(Promega).

2.5 | Flow cytometry and NK cell isolation

Lungs were minced and digested with 1 mg/mL Collagenase D 
(Roche) for 1 h in a shaker set to 37°C. Cell suspensions were fil-
tered through 70- μm cell strainers and lysed with erythrocyte lysis 
buffer (0.083% NH4Cl, 2.05% Tris), followed by separation with 30% 
Percoll (GE Healthcare) if necessary and resuspension in Staining 
Buffer (eBioscience). Cell suspensions were blocked with Fc Block 
(BD Biosciences) if necessary and stained with the antibodies. Flow 
cytometry analysis and NK cell isolation (gated by CD3e−NK1.1+) 
were performed with FACSAria (BD Biosciences). NK cell ratio was 
calculated out of mononucleated cells (MNCs). Isolated NK cells 
were collected into 750 μL ISOGEN- LS (Wako), followed by RNA 
isolation.
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2.6 | ELISA

Lungs were homogenized in RIPA buffer (50 mM Tris- HCl pH 8.0, 
150 mM NaCl, 1% NP- 40, 0.5% DOC, 0.1% SDS, 1 mM PMSF, 5 μg/
mL leupeptin, 8 mM NaF, 12 mM beta- glycerophosphate, 1 mM 
Na3VO4, 1.2 mM Na2MoO4, 5 µM cantharidin and 2 mM imidazole) 
with protease inhibitor cOmplete, Mini Protease Inhibitor Cocktail 
(Roche). The lysates were cleared by centrifugation and analyzed 
using IFNγ Mouse ELISA Kit Quantikine M (R&D Systems).

2.7 | DNA microarray

Microarray hybridization and scanning were performed as previously de-
scribed.9 Total RNA was pooled from the lungs of 3-  to 8- wk- old female 
mice at 3 h after iv injection of 3LL- Luc2 cells. Database for Annotation, 
Visualization and Integrated Discovery (DAVID) analysis was performed 
against the genes whose expression were more than 2- fold higher in the 
lungs of ASK1−/− mice compared with those of WT mice.

2.8 | RNA isolation

RNA was isolated from lungs or RAW264.7 cells using ISOGEN (Wako) 
as previously described.9 RNA was extracted from sorted NK cells using 
ISOGEN- LS, and glycogen (Wako) was used to increase RNA yields.

2.9 | Quantitative PCR

Reverse transcription and designing of primers were performed as 
described previously.9 LightCycler 96 (Roche) and SYBR Green PCR 
Master Mix were utilized and each gene expression was normalized 
to Rps18. Primer sequences are listed in Table S1.

2.10 | Antibodies and reagents

For NK cell depletion, 150 μg anti- asialo GM1 antibody (Wako) was in-
traperitoneally injected 2 d prior to tumor inoculation. Anti- mouse CD3e 
APC and anti- mouse NK1.1 PE- Cyanine7 antibodies were purchased 
from eBioscience for flow cytometry analysis. Anti- mouse PECAM- 1 
(BD Biosciences), anti- mouse FLT4 (R&D Systems) antibodies, and Alexa 
Fluor 594 and 488 secondary antibodies (Thermo Fisher Scientific) were 
used for immunofluorescence imaging. For western blot, anti- ASK1 
(EP553Y; Abcam) and anti- α- tubulin (Santa Cruz) antibodies were used.

2.11 | Transfection

siRNA transfection for RAW264.7 cells was performed using 
Lipofectamine RNAiMAX (Invitrogen), in accordance with the manu-
facturer's instructions. siRNA sequences are listed in Table S1.

2.12 | Construction of ASK1- deficient 
RAW264.7 cells

Lentiviral plasmid vectors carrying Cas9 endonuclease, and sgRNA 
targeting Ask1 or carrying non- targeting sgRNA, were prepared uti-
lizing lentiCRISPRv2 plasmid (Addgene). The annealed oligos were 
cloned between the BsmBI restriction sites of the plasmid. The se-
quences of top and bottom oligos are listed in Table S1. To produce 
lentivirus, HEK293T cells were transfected with Ask1- targeting 
or non- targeting lentiviral vectors, psPAX2 and pCMV- SVS- G 
(Addgene) plasmids using Lipofectamine 3000 (Thermo Fisher) in ac-
cordance with the manufacturer's protocols. To reduce cytotoxicity, 
the medium was replaced at 5 h after incubation. At 2 d after trans-
fection, the supernatants containing lentivirus were harvested and 
filtered with 0.45 µm PVDF filter (Millipore). RAW264.7 cells were 
transfected with lentivirus and supplemented with 8 µg/mL poly-
brene (Nacalai Tesque). The medium was replaced at 1 d after trans-
fection. Next day, the transfected cells were selected with 4 µg/mL 
puromycin (GIBCO).

2.13 | Preparation of lysates

RAW264.7 cells were lysed with immunoprecipitation (IP) lysis 
buffer + DOC (20 mM Tris- HCl pH 7.5, 150 mM NaCl, 4 mM EDTA 
pH8.0, 1% sodium deoxycholate, 1% Triton X- 100, 1 mM phe-
nylmethylsulfonyl fluoride, 5 µg/mL leupeptin). The lysates were 
cleared by centrifugation, mixed with an equal amount of 2× loading 
buffer (4% SDS, 100 mM Tris- HCl pH 8.8, 10% bromophenol blue, 
36% glycerol and 10 mM dithiothreitol) and subjected to western 
blot after boiling.

2.14 | Western blot

Lysates were resolved on SDS- PAGE and electroblotted onto PVDF 
membranes. After blocking with 5% skimmed milk in TBS- T (50 mM 
Tris- HCl, 150 mM NaCl and 0.05% Tween 20, pH 8.0), the membranes 
were probed with appropriate antibodies. The antibody- antigen 
complexes were detected using the ECL system (GE Healthcare).

2.15 | Immunofluorescence imaging

Whole embryos were dissected at embryonic day 14.5 and fixed in 
4% paraformaldehyde (PFA)/PBS at 4°C for 15- 20 min. Back skin 
was peeled off and further fixed in 4% PFA/PBS at 4°C overnight. 
Tissues were washed with 0.2% Triton X- 100/PBS (PBT) at 4°C for 
30 min, blocked in 1% bovine serum albumin/PBT for 1 h at room 
temperature (r.t.) and stained with primary antibodies in blocking 
solution at 4°C overnight. Tissues were washed with PBT, followed 
by staining with secondary antibodies in blocking solution at 4°C for 
overnight. Tissues were washed with PBT and were flat- mounted on 
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slide glasses. Images were obtained using a fluorescence microscope 
BZ- X710 (Keyence).

2.16 | Statistical analysis

All data were presented as mean ± SEM. Unpaired two- tailed Student 
t test, two- way ANOVA followed by Bonferroni multiple compari-
sons test or one- way ANOVA followed by Tukey- Kramer multiple 
comparisons were used. Statistical tests were carried out using the 
statistical programming language R and its available packages.

3  | RESULTS

3.1 | ASK1 deficiency in mice enhances tumor cell 
clearance and upregulates immune response- related 
genes

To study the involvement of ASK1 in tumor metastasis in more detail, 
we used Lewis lung carcinoma cells stably expressing luciferase (3LL- 
Luc2 cells), in an experimental lung metastasis model as described 
previously.13 In our previous report, we did not investigate the po-
tential involvement of ASK1 at the early stage of tumor metastasis, 
such as the initial hours after tumor inoculation. We therefore as-
sessed the time- dependent changes in the luciferase activity of the 
lung lysates from 10 min to 24 h after iv injection of 3LL- Luc2 cells. In 
an experimental metastasis model, the accumulation of tumor cells 
in the lung peaked at 10 min after tumor cell inoculation.14 We found 
no significant difference in the luciferase activity of the lung lysates 
at 10 min after injection between WT and ASK1−/− mice, suggesting 
that 3LL- Luc2 cell circulation is unaffected by ASK1 deficiency. In 
contrast, ASK1−/− mice had less luciferase activity in the lung lysates 
at 3, 18 and 24 h after injection compared with WT mice (Figure 1A). 
Moreover, luciferase activity in the lung lysates of ASK1−/− mice was 
also decreased when injected with as many as 1 × 106 cells/mouse 
of 3LL- Luc2 cells (Figure 1B). Of note, ASK1−/− mice showed essen-
tially the same phenotype 3 h after injection with murine sarcoma 
MCA205 cells stably expressing luciferase (MCA205- Luc2 cells) 
(Figure 1C). Because the extravasation of iv injected tumor cells 
starts approximately 3 h in an experimental lung metastasis model,15 
the rapid decrease in the luciferase activity of the lung lysates from 
10 min to 3 h points to the lysis of the injected tumor cells in the lung 

microvasculature. Therefore, the accelerated decrease in luciferase 
activity in ASK1−/− mice indicates that intravascular tumor cell clear-
ance is promoted in these mice.

To explore the mechanism by which ASK1−/− mice show resis-
tance against early metastasis, we performed a DNA microarray 
using lungs from WT and ASK1−/− mice 3 h after iv injection of 3LL- 
Luc2 cells. Gene ontology analysis revealed that immune response- 
related genes, including interferon- gamma (Ifng; encoding IFNγ) 
and its downstream genes, C- X- C motif chemokine ligand 9 (Cxcl9), 
Cxcl10,16 guanylate binding protein family member 6 (Gbp6)17 and inter-
feron gamma- induced GTPase (Igtp),18 were upregulated in the lungs 
of ASK1−/− mice (Figure 1D,E). IFNγ is a well known anti- tumor and 
anti- metastatic cytokine.5 Quantitative PCR analysis confirmed the 
upregulation of Ifng mRNA in the lungs of ASK1−/− mice at 3 h after iv 
injection of 6 × 105 or 1 × 106 cells/mouse 3LL- Luc2 cells (Figure 1F) 
or MCA205- Luc2 cells (Figure 1G). Furthermore, the protein level 
of IFNγ was also enhanced (Figure 1H,I). These data suggest that 
ASK1 regulates the expression of immune response- related genes 
in response to tumor inoculation. We have previously revealed that 
lung metastasis is attenuated in ASK1−/− mice 14 d after iv injection 
of melanoma B16F10 cells stably expressing luciferase (B16F10- 
luc- G5 cells) as well as 3LL- Luc2 cells.13 However, at 3 h after injec-
tion of B16F10- luc- G5 cells, WT and ASK1−/− mice had comparable 
luciferase activity in the lung lysates (Figure S1A). Consistently, Ifng 
mRNA was not increased in the lungs of ASK1−/− mice (Figure S1B). 
Therefore, in contrast with the results with 3LL- Luc2 cells and 
MCA205- Luc2 cells, ASK1−/− mice did not show enhancement of 
anti- metastatic immune response against B16F10- luc- G5 cells (see 
Section 4).

3.2 | NK cells trigger enhanced tumor cell clearance 
in ASK1−/− mice

NK cells are innate immune cells that can rapidly recognize and kill 
tumor cells and produce high levels of IFNγ.5,19 Considering that the 
lungs of ASK1−/− mice had decreased tumor cells and enhanced IFNγ 
expression as early as 3 h after iv injection of tumor cells, we investi-
gated the involvement of NK cells. We depleted NK cells using anti- 
asialo GM1 antibody before 3LL- Luc2 cell inoculation (Figure 2A). As 
expected, NK cell depletion abolished the resistance against metas-
tasis observed in ASK1−/− mice (Figure 2B). Additionally, Ifng mRNA 
upregulation in the lungs of ASK1−/− mice was completely eliminated 

F I G U R E  1   ASK1−/− mice show enhanced tumor cell clearance and upregulation of immune response- related genes. A- C, Luciferase 
activity of the lung lysates at the indicated time points after iv injection of 6 × 105 cells/mouse for 3LL- Luc2 cells (A; 18 h: n = 6, other 
groups: n = 3) or at 3 h after iv injection of 1 × 106 cells/mouse for 3LL- Luc2 cells (B; WT: n = 6, ASK1−/−: n = 5) or MCA205- Luc2 cells (C; 
n = 3). D, DAVID pathway analysis of candidate genes whose expression was upregulated more than 2- fold in the lungs of ASK1−/− mice in 
DNA microarray. E, Expression ratios of Ifng and the downstream genes in DNA microarray. F, G, Ifng mRNA expression in the lungs at 3 h 
after iv injection of 3LL- Luc2 cells (F), MCA205- Luc2 cells (G), or PBS. E, n = 3. F, WT- PBS, ASK1−/−- PBS: n = 3, ASK1−/−- 3LL- Luc2 (1 × 106 
cells/mouse): n = 5, other groups: n = 6. G, WT- PBS, ASK1−/−- PBS: n = 6, WT- MCA205- Luc2: n = 5, ASK1−/−- MCA205- Luc2: n = 4. H, I, IFNγ 
protein concentration in the lungs at 3 h after iv injection of 3LL- Luc2 cells (H), MCA205- Luc2 cells (I), or PBS. H, ASK1−/−- 3LL- Luc2: n = 6, 
other groups: n = 4, I, n = 3. Unpaired Student t test (A- C) or two- way ANOVA followed by Bonferroni's multiple comparisons (F- I). *P < .05, 
**P < .01, ***P < .001, ****P < .0001
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by treatment with anti- asialo GM1 antibody (Figure 2C). These data 
indicated that NK cell- dependent intravascular tumor cell clearance 
is enhanced in ASK1−/− mice.

3.3 | ASK1 in NK cells is dispensable for NK cell- 
mediated tumor cell clearance

To examine whether ASK1 in NK cells contributes to intravascular 
tumor cell clearance, we generated NK cell- specific ASK1- deficient 
mice (Ncr1- cre; ASK1F/F mice). Surprisingly, Ncr1- cre; ASK1F/F mice 
and the corresponding control ASK1F/F mice had comparable lucif-
erase activity in the lung lysates at 3 h after iv injection of 3LL- Luc2 
cells (Figure 3A) or MCA205- Luc2 cells (Figure 3B). Similarly, Ifng 
mRNA in the lungs was not enhanced in Ncr1- cre; ASK1F/F mice 
(Figure 3C,D). These results suggested that ASK1 in host cells other 
than NK cells regulated NK cell- mediated tumor cell clearance.

We have previously revealed using bone marrow chimeric mice 
that ASK1 in both bone marrow- derived cells and the other types 
of cells from recipient mice contributed to tumor metastasis. We 
focused on bone marrow- derived cells and revealed that platelet- 
intrinsic ASK1 facilitates tumor metastasis, while myeloblast- 
intrinsic ASK1 does not.13 Platelets promote intravascular tumor 

cell survival by forming aggregates with them.20 Therefore, platelet- 
intrinsic ASK1 was expected to enhance intravascular tumor cell 
survival. However, at 3 h after iv injection of 3LL- Luc2 cells, platelet- 
specific ASK1- deficient mice (Pf4- cre; ASK1F/F mice; Figure S2A) 
and myeloblast- specific ASK1- deficient mice (Lysm- cre; ASK1F/F 
mice; Figure S2B) had comparable luciferase activity in the lung ly-
sates to ASK1F/F mice. These data indicated that ASK1 in platelets 
and myeloblasts contributed only slightly to NK cell- mediated tumor 
cell clearance.

More recently, endothelial overexpression of ASK1 in mice was 
reported to enhance ovarian cancer dissemination (local metasta-
sis) through VE- cadherin degradation and transmigration of tumor- 
associated macrophages.21 However, whether endogenous ASK1 
contributes to tumor dissemination or whether endothelial ASK1 
regulates distal metastasis, such as lung metastasis, remains un-
known. We therefore generated endothelial- specific ASK1- deficient 
mice (Cdh5- cre; ASK1F/F mice). Both blood and lymphatic vascular 
structures in Cdh5- cre; ASK1F/F mice were equivalent to those in 
ASK1F/F mice, suggesting that endothelial ASK1 had little impact on 
physiological vascular formation (Figure S2C). Consistent with the 
study mentioned above,21 Cdh5- cre; ASK1F/F mice showed a dra-
matic attenuation of lung metastasis at 14 d after iv injection of 3LL- 
Luc2 cells (Figure S2D). At 3 h after injection, however, the luciferase 

F I G U R E  2   NK cells are required 
for enhanced tumor cell clearance in 
ASK1−/− mice. A, Ratio of NK cells in 
mononucleated cells (MNCs) in the lungs 
at 2 d after treatment with anti- asialo 
GM1 antibody or PBS (WT- PBS, ASK1−/−- 
αAsialo GM1: n = 3, ASK1−/−- PBS, WT- 
αAsialo GM1: n = 4). B, Luciferase activity 
of the lung lysates of PBS-  or anti- asialo 
GM1 antibody- treated mice at 3 h after 
iv injection of 3LL- Luc2 cells (ASK1−/−- 
αAsialo GM1: n = 7, other groups: n = 8). 
C, Ifng mRNA expression in the lungs of 
PBS-  or anti- asialo GM1 antibody- treated 
mice at 3 h after iv injection of 3LL- Luc2 
cells (WT- PBS, ASK1−/−- PBS: n = 6, 
WT- αAsialo GM1: n = 5, ASK1−/−- αAsialo 
GM1: n = 4). Two- way ANOVA followed 
by Bonferroni's multiple comparisons. 
n.s.: nonsignificant, *P < .05, ***P < .001, 
****P < .0001
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activity in the lung lysates of Cdh5- cre; ASK1F/F and ASK1F/F mice 
was comparable (Figure S2E). These results suggested that endo-
thelial ASK1 had little effect on intravascular tumor cell clearance, 
although it regulates tumor metastasis at relatively late stages.

3.4 | ASK1 deficiency in mice enhances cytokine 
production of NK cells and NK cell recruitment 
into the lung

As Ncr1- cre; ASK1F/F mice did not show enhanced NK cell- mediated 
tumor cell clearance, we speculated that cell non- autonomous ASK1 
deficiency other than NK cells enhanced cytokine production and/or 
recruited NK cells in response to tumor inoculation. First to examine the 
capacity of cytokine production of NK cells, we isolated NK cells from 
the lungs of WT and ASK1−/− mice at 3 h after tumor inoculation and 
evaluated cytokine expression. Similar to observations in whole lung 
lysates (Figure 1), iv injection of 3LL- Luc2 cells induced the transcription 
of Ifng and Csf2 (encoding granulocyte- macrophage colony- stimulating 

factor; GM- CSF) (Figure 4A), which is often observed in activated NK 
cells.22 Ifng and Csf2 mRNA expression in naïve NK cells (PBS- injected 
control) from the lungs of WT and ASK1−/− mice was indistinguishable 
(Figure 4A). We next evaluated NK cell recruitment into the lungs in 
response to tumor inoculation. Flow cytometry analysis revealed that 
the ratio of NK cells in mononucleated cells (MNCs) in the lungs of WT 
and ASK1−/− mice was comparable at the basal state or at 3 h after iv 
injection of 3LL- Luc2 cells (Figure 4B). Interestingly, however, the NK 
cell ratio significantly increased in ASK1−/− mice at 1 h after injection 
(Figure 4B), when the NK cell number in the lung reached its peak in an 
experimental lung metastasis model.7 Collectively, the enhanced re-
cruitment and cytokine production of NK cells may contribute to the 
anti- metastatic phenotype observed in ASK1−/− mice.

Among various chemokines recruiting NK cells,23,24 iv injection of 
3LL- Luc2 cells induced C- C motif chemokine ligand 4 (Ccl4), Ccl3 and 
Ccl2 mRNA in the lungs of WT mice at 1 h after injection (Figure 4C). 
Although indistinguishable at the basal state, Ccl4 and Ccl3 were sig-
nificantly upregulated in the lungs of ASK1−/− mice compared with 
WT mice at 1 h after injection of 3LL- Luc2 cells (Figure 4C). We did 

F I G U R E  3   ASK1 in NK cells is 
dispensable for NK cell- mediated tumor 
cell clearance. A, B, Luciferase activity of 
the lung lysates at 3 h after iv injection of 
3LL- Luc2 cells (A) or MCA205- Luc2 cells 
(B) (n = 3). C, D, Ifng mRNA expression 
in the lungs at 3 h after iv injection of 
3LL- Luc2 cells (C) or MCA205- Luc2 cells 
(D) (n = 3). Unpaired Student t test. n.s.: 
nonsignificant
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not observe a significant difference in other major chemokines, in-
cluding Ccl5, Ccl8, Cxcl10 and C- X3- C motif chemokine ligand 1 (Cx3cl1) 
(Figure S3), suggesting that CCL4 and CCL3 might be responsible for 
the ASK1- mediated regulation of NK cell recruitment into the lung. 
Next, we depleted NK cells using anti- asialo GM1 antibody followed 
by injection of 3LL- Luc2 cells and analyzed Ccl4 and Ccl3 mRNA in 
the lungs at 1 h after tumor inoculation. Anti- asialo GM1 antibody 
treatment abolished Ccl4 upregulation in the lungs of ASK1−/− mice 
(Figure 4D). Although we did not observe a significant difference in 
Ccl3 in the lungs of NK cell- intact ASK1−/− mice, there was a trend of 
Ccl3 downregulation with anti- asialo GM1 antibody treatment in WT 
and ASK1−/− mice (Figure 4D). Therefore, ASK1 deficiency in mice 
enhanced cytokine production of NK cells and NK cell recruitment 
into the lung in response to tumor cell inoculation.

3.5 | ASK1 mediates the expression of the NKG2D 
ligands H60

Beside Ifng and other chemokines (Figure 1D), we found that 
NKG2D ligands H60a and H60b showed a more than 2- fold increase 

in the lungs of ASK1−/− mice at 3 h after iv injection of 3LL- Luc2 
cells (Figure 5A). H60a and H60b belong to the H60 family and are 
stress- induced ligands for NKG2D, which is a key activating recep-
tor expressed on NK cells.25 In C57BL/6 mice, H60a is known as 
a pseudogene.26 Surprisingly, these 2 genes were sharply upregu-
lated in the lungs of ASK1−/− mice in the basal state, as well as 1 h 
after injection of 3LL- Luc2 cells (Figure 5B). To investigate the ef-
fect of ASK1 on H60 expression, we knocked down and knocked out 
Ask1 in mouse macrophage- like cell line RAW264.7 using siRNA and 
CRISPR- Cas9 system, respectively (Figure 5C,E). A previous report 
suggested that macrophages are one of the cell types that mediate 
tumor cell killing by NK cells through binding of NKG2D ligands to 
NKG2D expressed on NK cells.27 In RAW264.7 cells, ASK1 knock-
down and knockout markedly increased H60b expression but not 
H60a expression (Figure 5D,F). These results suggested that ASK1 
negatively regulates H60b expression, which seems contradictory 
to the data showing that Lysm- cre; ASK1F/F mice did not exhibit any 
anti- metastatic response (Figure S2B). However, given that NKG2D 
ligands can be expressed on several cell types, H60b upregulation 
only in macrophages might be insufficient for NK cell activation (see 
Section 4).

F I G U R E  4   ASK1 deficiency in mice 
enhances cytokine production of NK cells 
and NK cell recruitment into the lung. A, 
Ifng (left) or Csf2 (right) mRNA expression 
in lung NK cells at 3 h after iv injection of 
3LL- Luc2 cells or PBS (WT- PBS, ASK1−/−- 
3LL- Luc2: n = 4, ASK1−/−- PBS: n = 3, WT- 
3LL- Luc2: n = 5). B, Ratio of NK cells in 
mononucleated cells (MNCs) in the lungs 
at the indicated time points (1 h: n = 4, 
other groups: n = 5). C, mRNA expression 
of various chemokines in the lungs at 1 h 
after iv injection of 3LL- Luc2 cells or PBS 
(n = 4). D, Ccl4 (left) or Ccl3 (right) mRNA 
expression in the lungs of PBS-  or anti- 
asialo GM1 antibody- treated mice at 1 h 
after iv injection of 3LL- Luc2 cells (WT- 
PBS: n = 3, other groups: n = 4). Two- way 
ANOVA followed by Bonferroni's multiple 
comparisons. n.s.: nonsignificant, *P < .05, 
**P < .01, ***P < .001, ****P < .0001
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4  | DISCUSSION

In this study, we newly identified ASK1 as a negative regulator of NK 
cell- mediated anti- tumor immunity in experimental lung metastasis. 
We revealed that ASK1 regulates NK cell- mediated tumor cell clear-
ance in the initial hours of tumor metastasis. ASK1 deficiency en-
hanced cytokine production of NK cells and NK cell recruitment into 
the lung through upregulation of chemokines such as Ccl3 and Ccl4 
in response to tumor inoculation, which might augment intravascular 
tumor cell clearance (Figure 6). Therefore, NK cells from the lungs of 
ASK1−/− mice can produce higher amount of cytokines and subse-
quently, more NK cells are recruited into the lung through CCL3 and 
CCL4, which forms a positive feedback loop to facilitate intravas-
cular tumor cell clearance. In our phenotypic analysis with multiple 
types of tumor cells, ASK1−/− mice did not show an anti- metastatic 
response against B16F10- luc- G5 cells (Figure S1A,B), in striking 

contrast to 3LL- Luc2 cells (Figure 1A,B,F) and MCA205- Luc2 cells 
(Figure 1C,G). In general, NKG2D is critical for NK cell activation.28 
Most of the tumor cells frequently used in experimental lung me-
tastasis models, such as 3LL and MCA205 cells, express NKG2D li-
gands.29,30 In addition, B16F10 cells do not express NKG2D ligands29 
and therefore might escape from NKG2D- mediated NK cell surveil-
lance. Hence our data supported the importance of NKG2D in en-
hancing intravascular tumor cell clearance observed in ASK1−/− mice.

ASK1 deficiency led to upregulation of the NKG2D ligands H60a 
and H60b in the lungs even without tumor cell inoculation (Figure 5B). 
However, there were minor differences in Ifng and Csf2 expression 
in the naïve NK cells of WT and ASK1−/− mice (Figure 4A,B). One 
of the possible reasons is that H60 upregulation did not exceed a 
threshold for cytokine production of NK cells but contributed to 
lowering the threshold. In other words, H60 upregulation by ASK1 
deficiency without stimulation may lead to a “ready- to- go” state, 

F I G U R E  5   ASK1 mediates the 
expression of the NKG2D ligands H60. A, 
Signal intensity of H60a and H60b in the 
DNA microarray. B, H60a (left) or H60b 
(right) mRNA expression in the lungs at 
the basal state or 1 h after iv injection of 
3LL- Luc2 cells (n = 4). C, ASK1 protein 
expression in RAW246.7 cells transfected 
with the indicated siRNA. D, H60a (left) 
or H60b (right) mRNA expression in 
RAW246.7 cells transfected with the 
indicated siRNA (n = 3). E, ASK1 protein 
expression in RAW246.7 cells expressing 
Cas9 and the indicated sgRNA. F, H60a 
(left) or H60b (right) mRNA expression in 
RAW246.7 cells expressing Cas9 and the 
indicated sgRNA (n = 5). Unpaired Student 
t test (B) or one- way ANOVA followed by 
Tukey- Kramer multiple comparisons (D, F). 
*P < .05, **P < .01
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but not a “hyperactivation” state, of NK cells in ASK1−/− mice. Only 
in response to additional NKG2D stimulation by tumor cells might 
NK cells in ASK1−/− mice enhance cytokine production. Meanwhile, 
enhancement in cytokine production of NK cells, NK cell recruit-
ment into the lung and intravascular tumor cell clearance observed 
in ASK1−/− mice can be regulated by combination of H60 and other 
NKG2D ligands. NKG2D ligands, including H60, are transcription-
ally induced by various stimuli.28 Although macrophages expressed 
H60 (Figure 5D,F), Lysm- cre; ASK1F/F mice did not show enhanced 
tumor cell clearance (Figure S2B), suggesting that H60 upregulation 
by ASK1 deletion in several cell types in addition to macrophages, 
and/or activation by other ligands might be required for full activa-
tion of NKG2D in NK cells and subsequent NK cell- mediated tumor 
cell clearance. Identifying cell types that express H60b other than 
macrophages using single- cell RNAseq would be the key to elucidate 
the whole mechanism of the anti- metastatic phenotype observed in 
ASK1−/− mice.

In summary, our study indicated that ASK1 regulates the initial 
steps of tumor metastasis through enhanced cytokine production of 
NK cells and NK cell recruitment (Figure 6). Considering that ASK1 
deficiency did not affect subcutaneous tumor growth13 and that 
lung- resident NK cells are superior to rapidly clear the metastatic 
invasion of cancer cells compared to other target organs,31 the en-
hanced intravascular tumor cell clearance in ASK1−/− mice might be 
organ- specific. To date, numerous small molecule drugs targeting 
ASK1 have been actively developed.32 Among them, Selonsertib de-
veloped by Gilead was especially considered as a promising ASK1 
inhibitor for treating nonalcoholic steatohepatitis (NASH). Although 
Selonsertib was ineffective in reducing NASH- induced liver fibrosis 

in 2 clinical trials in phase 3,33 our data demonstrated that ASK1 in-
hibition with this drug might be a potential strategy for cancer immu-
notherapy against tumor metastasis. Further development of ASK1 
inhibitors for treating cancer is expected.
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