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Significance

In the tumor microenvironment 
of colorectal cancer (CRC), sST2 
acts in a tumor-suppressive 
manner by inhibiting the 
proinflammatory function of 
interleukin (IL)-33. This study 
demonstrates that hypoxia, 
which is closely associated with 
tumor malignancy, decreases 
sST2 expression in CRC cells. 
Hypoxia-induced sST2 depletion 
results from hypoxia-inducible 
factor-dependent nuclear 
accumulation of IL-33, which 
binds to GATA3 and blocks its 
access to the sST2 promoter. 
Most importantly, restoration  
of sST2 expression limited to 
hypoxic regions in mouse  
CRC tumors improves the 
inflammatory tumor 
environment, effectively 
suppressing tumor growth and 
metastasis. sST2 depletion is also 
observed in hypoxic regions of 
human CRC lesions. Our findings 
suggest that sST2 enhancement 
specifically targeting hypoxic 
tumor regions may be useful in 
the treatment of malignant CRC.
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As a decoy receptor, soluble ST2 (sST2) interferes with the function of the inflam-
matory cytokine interleukin (IL)-33. Decreased sST2 expression in colorectal cancer 
(CRC) cells promotes tumor growth via IL-33-mediated bioprocesses in the tumor 
microenvironment. In this study, we discovered that hypoxia reduced sST2 expres-
sion in CRC cells and explored the associated molecular mechanisms, including 
the expression of key regulators of ST2 gene transcription in hypoxic CRC cells. In 
addition, the effect of the recovery of sST2 expression in hypoxic tumor regions on 
malignant progression was investigated using mouse CRC cells engineered to express 
sST2 in response to hypoxia. Our results indicated that hypoxia-dependent increases 
in nuclear IL-33 interfered with the transactivation activity of GATA3 for ST2 gene 
transcription. Most importantly, hypoxia-responsive sST2 restoration in hypoxic 
tumor regions corrected the inflammatory microenvironment and suppressed tumor 
growth and lung metastasis. These results indicate that strategies targeting sST2 in 
hypoxic tumor regions could be effective for treating malignant CRC.

colorectal cancer | interleukin-33 | soluble ST2 | metastasis | hypoxia

Colorectal cancer (CRC) is the third most common cancer globally; in the future, its 
incidence is forecast to further increase. In 2020, approximately 1.9 million new CRC 
cases were recorded worldwide, accounting for 10% of all cancer cases. CRC is the second 
leading cause of cancer-related death, causing an estimated 900,000 deaths in 2020 (1). 
Because the malignant progression of CRC is closely associated with chronic inflammation, 
a better understanding of the inflammatory tumor microenvironment of CRC is essential 
for developing more effective therapeutic approaches.

Interleukin (IL)-33 is a member of the IL-1 family and a natural ligand for the 
membrane-bound IL-33 receptor ST2 (ST2L) (2). IL-33, similar to HMGB1 and IL-1α, 
is a dual-function protein that performs distinct intracellular and extracellular functions 
(3). Full-length IL-33 (fIL-33) functions in transcriptional repression as a nuclear factor. 
On the contrary, cleaved IL-33 (cIL-33) is released extracellularly as an inflammatory 
cytokine in response to miscellaneous stimuli, binding to ST2L on the target cell mem-
brane to induce various signaling pathways. ST2 has multiple splicing variants; among 
them, soluble ST2 (sST2) functions as a decoy receptor, inhibiting IL-33 binding to ST2L 
(4). Because the IL-33–ST2L axis mainly induces Th2 responses, many studies have 
examined its association with various chronic inflammatory diseases (5), including atopic 
dermatitis (6, 7), asthma (8–10), rheumatoid arthritis (11, 12), and chronic inflammatory 
bowel diseases (13, 14). Of particular interest, the involvement of the IL-33–ST2L axis 
in malignant progression has been reported in breast cancer (15, 16), liver cancer (17, 
18), gastric cancer (19), lung cancer (20, 21), and intestinal cancers including CRC 
(22–29). Serum sST2 levels in ER-positive breast cancer patients are associated with poor 
prognosis (30). Furthermore, IL-33 is involved in Treg cell–mediated tumor immunoe-
vasion (31). We previously reported that sST2 levels are inversely associated with the 
metastatic potential of CRC cells and that reduced sST2 expression in CRC cells promotes 
IL-33/ST2L-mediated bioprocesses, such as Th2 differentiation, macrophage infiltration, 
and angiogenesis, to enhance tumor growth and metastasis (32). Thus, the quantitative 
balance between IL-33 and sST2 in CRC tumors has a great influence on malignant 
progression.

Hypoxia is closely associated with the malignant progression of various cancers, includ-
ing CRC (33–35). In the hypoxic tumor regions that emerge during tumor growth, the 
expression of several cytokines, chemokines, and other hypoxia-responsive genes is induced 
in tumor cells and tumor stromal cells, producing a cancer-promoting inflammatory 
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microenvironment. This is mainly mediated by hypoxia-inducible 
factor (HIF)-1 and HIF-2, which are heterodimers consisting of 
an oxygen-sensitive HIF-1α or HIF-2α subunit and a constitu-
tively expressed HIF-β subunit (36, 37). However, to our knowl-
edge, there are no reports detailing sST2 expression in tumor 
hypoxic regions and its effect on malignancy.

Human and rodent ST2 gene expression is controlled by the 
distal promoter upstream of exon 1a and the proximal promoter 
between exons 1a and 1b (38, 39). Promoter preference depends 
on cell type and situation but is independent of the type of ST2 
splicing variant. For example, most sST2 and ST2L expression in 
mouse mast cells is regulated by the distal promoter, whereas the 
expression of both variants in mouse fibroblasts is regulated by 
the proximal promoter (40, 41). The human and mouse ST2 distal 
promoters have several common GATA consensus sites, especially 
two sites immediately upstream of the transcription start site, 
which are believed to be particularly important for transcriptional 
activity (40, 42). In fact, the ST2 distal promoter is regulated by 
GATA family proteins (GATA1, GATA2, and GATA3) in LAD2 
human mast cell leukemia cells, KU812 human basophilic leu-
kemia cells, and mouse thoracic adenoma cells (42, 43). However, 
which GATA molecules bind to which GATA sites and repress or 
activate ST2L or sST2 gene expression remains unclear. In addi-
tion, STAT3 binds to the serum response element in the ST2 
proximal promoter and induces gene expression via activation of 
the ERK pathway in response to cell proliferation stimulation or 
mutant Ras (44).

fIL-33 has a nuclear localization signal and a homeodomain 
that binds to the H2A–H2B pockets on the surface of heterochro-
matin and nucleosomes (45). The structure of fIL-33 suggests that 
it enhances interactions between nucleosomes, promotes chroma-
tin aggregation, and functions as a repressor (45, 46). Shao et al. 
reported that nuclear IL-33 binds directly to multiple homeoboxes 
within the ST2 promoter and suppresses sST2 expression by 
recruiting the methyltransferase SUV39H1, which mediates his-
tone H3K9 trimethylation (H3K9me3) (47).

In this study, we investigated the effects of hypoxia on sST2 
expression in CRC cells and those of hypoxia-induced changes in 
sST2 expression on cell malignancy. We revealed decreased sST2 
expression in hypoxic CRC cells via the HIF–IL-33–GATA3 axis 
and sST2 downregulation in the hypoxic regions of mouse and 
human CRC tumors. Importantly, we provided evidence that 
restoration of sST2 expression in those regions corrected the 
inflammatory tumor microenvironment and suppressed tumor 
growth and metastasis.

Results

sST2 Expression in CRC Cells Is Suppressed by HIF Activation. 
ST2L and sST2 levels in NM11 mouse CRC cells and SW480 
human CRC cells under hypoxic conditions were investigated 
by qRT-PCR. The basal mRNA levels of sST2 in both cells were 
much higher than those of ST2L and significantly decreased in a 
time-dependent manner for up to 24 h under hypoxic conditions 
(1% O2; Fig. 1A and SI Appendix, Fig. S1A). sST2 mRNA levels 
remained low under long-term hypoxia (Fig. 1B and SI Appendix, 
Fig. S1B). Consistent with the decrease in mRNA levels, sST2 
protein levels in culture supernatants were lower under hypoxic 
conditions than those under normoxic conditions (Fig. 1C and 
SI Appendix, Fig. S1C). These data suggest that sST2 expression 
is repressed in a hypoxic environment. To clarify whether HIF 
is involved in the hypoxia-induced sST2 downregulation, we 
performed siRNA-mediated depletion of HIF-1α and HIF-2α 
in NM11 cells. Decreased sST2 expression in hypoxic NM11 

cells was partially restored by HIF-1α or HIF-2α depletion and 
more significantly increased by the depletion of both (Fig. 1 D–
F). In support of these findings, LW6, which promotes HIF-1α 
proteolysis without affecting its mRNA levels (48), and TC-S 7009, 
which suppresses HIF-2α activity without affecting its protein 
levels (49), attenuated the decreased sST2 expression in hypoxic 
NM11 cells (Fig. 1 G and H). In contrast, hypoxia mimetics such 
as CoCl2, desferrioxamine (DFO), and dimethyloxaloylglycine 
(DMOG), which stabilize HIF-1α and HIF-2α under normoxic 
conditions, suppressed sST2 expression (Fig. 1 I and J). Taken 
together, sST2 expression is suppressed in hypoxic CRC cells 
partly through HIF-α activation.

IL-33 Is HIF-Dependently Up-Regulated and Accumulated in the 
Nucleus. It has been reported that IL-33 expression is directly or 
indirectly regulated by HIF-1α (12, 50). Under hypoxia, unlike 
the persistent sST2 downregulation, IL-33 mRNA levels in NM11 
cells increased for up to 9 h and returned to basal levels by 24 h 
(Fig. 2A). Examination of IL-33 protein levels in the subcellular 
fractions of hypoxic NM11 cells revealed that fIL-33 (~30 kDa) 
accumulated in the nucleus, while secretory cIL-33 (18 kDa) was 
not detected (Fig. 2B). fIL-33 increased prior to the decrease in 
sST2 and appeared to behave like HIF-1α rather than HIF-2α. In 
addition, transient nuclear accumulation of fIL-33 due to hypoxia 
was confirmed by immunofluorescence staining (SI  Appendix, 
Fig. S2). In long-term hypoxic cultures, nuclear IL-33 remained 
at high levels after a transient increase, consistent with its mRNA 
levels (SI Appendix, Fig. S3). The elevated expression and nuclear 
accumulation of IL-33 in hypoxic NM11 cells were suppressed by 
HIF-α depletion or HIF inhibition (Fig. 2 C–F and SI Appendix, 
Fig.  S4 A and B); effects reproduced by treatment with HIF 
activators under normoxia (Fig.  2 G and H and SI  Appendix, 
Fig.  S4C). These results suggest that IL-33 is up-regulated in 
a HIF-dependent manner in hypoxic CRC cells and that it 
accumulates in the nucleus prior to sST2 downregulation.

IL-33 Is Involved in Hypoxia-Induced sST2 Downregulation 
through Transcriptional Suppression of the ST2 Gene. In hypoxic 
NM11 cells, the effect of IL-33 siRNA was attenuated by increased 
expression of endogenous IL-33, but IL-33 depletion could still 
significantly restore sST2 expression under hypoxia (Fig. 3 A–C). 
These data suggest that IL-33 is involved in hypoxia-induced 
sST2 downregulation. Nuclear IL-33 has been suggested to act 
as a chromatin-related protein that regulates gene expression 
by modifying chromatin remodeling (45, 47). Thus, we then 
examined whether IL-33 affects ST2 gene transcription under 
hypoxia. The human and mouse ST2 genes (IL1RL1 and Il1rl1, 
respectively) have distal and proximal promoters that are used 
depending on the cellular conditions, regardless of isoform type 
(SI  Appendix, Fig.  S5A) (40, 41). The use of the human ST2 
distal and proximal promoters under hypoxic conditions was 
examined by a dual-luciferase reporter assay using HEK293 
cells (SI  Appendix, Fig.  S5B). Proximal promoter activity was 
significantly higher than distal promoter activity regardless of 
the oxygen concentration, but neither promoter activity differed 
between normoxic and hypoxic conditions (SI Appendix, Fig. S5C). 
However, it should be noted that HEK293 cells are deficient in 
most IL-33–ST2L axis-related factors, including IL-33, ST2L, 
sST2, and IL1RAP (SI Appendix, Fig. S5D). Thus, we established 
HEK293 cells exogenously expressing fIL-33 or cIL-33 as negative 
control. In these cells, cIL-33 localized to the cytoplasm, while 
fIL-33 accumulated in the nucleus regardless of oxygen status 
(Fig. 3 D and E and SI Appendix, Fig. S5E). Reporter assays using 
these cells showed that the ST2 proximal promoter activities were 
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reduced under hypoxic conditions only in fIL-33-expressing cells 
(Fig. 3F). Furthermore, treating HEK293 cells with recombinant 
cIL-33 (rcIL-33) did not reduce ST2 promoter activity under 
hypoxia (Fig.  3G). Thus, our results suggest that fIL-33, but 
not cytoplasmic and extracellular cIL-33, is important for the 
decreased ST2 gene transcription under hypoxia. Notably, despite 
the accumulation of fIL-33 in the nucleus of HEK293 cells, ST2 
proximal promoter activity did not decrease under normoxia, 
suggesting that other factors are involved in the suppression of 
sST2 expression caused by hypoxia.

The Hypoxia-Induced Suppression of ST2 Gene Transcription Is 
Not Accompanied by H3K9 Trimethylation. Shao et al. demons
trated that nuclear IL-33 suppresses sST2 expression by recruiting 
SUV39H1 (47). Therefore, we analyzed the H3K9me3 status at the 
ST2 distal and proximal promoters of SW480 cells under hypoxic 
conditions by chromatin immunoprecipitation (ChIP). The results 
showed higher H3K9me3 levels at the distal promoter than that 
at the proximal promoter. Its levels increased in a time-dependent 

manner under hypoxia (SI Appendix, Fig. S6A) and were attenuated 
by siRNA-mediated IL-33 depletion (SI Appendix, Fig. S6B). We 
also examined the effect of chaetocin, an SUV39H1 inhibitor, 
on sST2 expression in SW480 cells under hypoxia, and found a 
recovery of hypoxia-induced sST2 downregulation (SI Appendix, 
Fig. S6C). However, these responses were not specific to hypoxia; 
in fact, chaetocin treatment also increased sST2 under normoxia. 
Thus, our results suggest that IL-33 likely regulates the hypoxia-
specific sST2 downregulation via factors other than SUV39H1.

Nuclear IL-33 Binds to GATA3 and Suppresses GATA3-Mediated 
sST2 Expression under Hypoxia. Recently, it was reported that 
nuclear IL-33 binds to transcription factors such as NF-κB and 
acts as a transcriptional modulator (51). Interestingly, according to 
STRING (https://string-db.org/), an analytical tool for predicting 
protein–protein interactions, the accuracy of the interaction 
between IL-33 and the Th2-specific transcription factor GATA3 
is extremely high across mammals (SI Appendix, Fig. S7). However, 
no reports have described either direct or indirect protein–protein 

Fig. 1. HIFs are involved in regulating sST2 expression in hypoxic CRC cells. (A and B) qRT-PCR showing sST2 and ST2L expression levels in NM11 cells during 
short-term (A) or long-term (B) hypoxia. All data are presented as relative values. In A, the ST2 isotype-nonspecific qRT-PCR value at 0 h is set to 1 (dotted line); 
in B, the value at day 0 is set to 1. (C) Enzyme-Linked Immunosorbent Assay (ELISA) showing sST2 concentrations in the culture supernatants of NM11 cells 
cultured for 3 d under normoxia (N, 21% O2) or hypoxia (H, 1% O2). (D and E) qRT-PCR (D) and western blotting (E) showing siRNA-mediated HIF-α depletion in 
NM11 cells. (F) qRT-PCR showing sST2 expression in HIF-α-depleted NM11 cells under hypoxia (1% O212 h). (G) Western blot images showing HIF-α protein levels 
in NM11 cells treated with HIF inhibitors. NM11 cells were incubated in the presence of DMSO (vehicle, V) or an HIF-1α inhibitor (20 μM LW6) or an HIF-2α inhibitor 
(50 μM TC-S 7009) for 12 h followed by another 12 h under normoxia (N) or hypoxia (H). (H) qRT-PCR analysis showing sST2 expression levels under the same 
conditions as G. (I) Western blot images showing stabilization of HIF-1α protein levels by hypoxia-mimetic treatment. NM11 cells were cultured under normoxic 
conditions (21% O2, 12 h) in the presence of DMSO (vehicle, V) or an HIF-1α activator (200 μM CoCl2 or 100 μM DFO or 100 μM DMOG). (J) qRT-PCR showing sST2 
expression levels under the same conditions as I. Data for A–D, F, H, and J are presented as the mean ± SD n = 3 of biologically independent samples. P values 
were analyzed by unpaired two-tailed t test for C and by one-way ANOVA with Bonferroni correction for multiple comparisons for D, F, H, and J. *P < 0.05; ***P < 
0.001; ****P < 0.0001; ns, not significant. The uncropped western blot images are shown in SI Appendix.
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interactions between IL-33 and GATA3. Under hypoxia, IL-33 
mRNA and nuclear protein levels were increased while those of 
GATA3 remained constant (Fig. 4 A and B). Immunofluorescence 
staining showed that GATA3 localized to the nucleus regardless of 
the oxygen concentration, colocalizing with IL-33 under hypoxia 
(Fig. 4C). We also performed a pull-down assay using the HaloTag–
IL-33 fusion protein in HEK293 cells, which endogenously express 
GATA3 (52) (SI Appendix, Fig. S8), and found that GATA3 and 
IL-33 interact only under hypoxia (Fig. 4D).

We therefore examined whether GATA3 is substantially 
involved in the regulation of sST2 expression in CRC cells. 
GATA3 siRNA depletion in NM11 cells reduced sST2 mRNA 
levels (Fig. 4E) and ST2 promoter activity (Fig. 4F), suggesting 
that GATA3 positively regulates sST2 expression. ChIP using an 
anti-GATA3 antibody showed that GATA3 bound predominantly 
to the ST2 proximal promoter rather than to the distal promoter. 
In addition, GATA3 occupancy was significantly reduced under 
hypoxia compared to under normoxia (Fig. 4G). Furthermore, 
the decreased GATA3 binding to the ST2 proximal promoter 
under hypoxia was restored by depletion of IL-33 (Fig. 4H) or 
HIF-1α (Fig. 4I). To further corroborate these findings, we 
employed electrophoretic mobility shift assay (EMSA) analysis. The 
ST2 proximal promoter contains two potential GATA3 consensus 
sequences (WGATAR). The positions of these consensus sites from 
the transcription start site were −830 to −825 (5′-TTATCA-3′) and 

−742 to −737 (5′-TGATAG-3′). EMSA experiments were per-
formed using the oligonucleotide probes −830 (−853/−814) and 
−742 (−765/−726), a negative control probe (NC) without the 
consensus sequence, as well as a positive control probe (PC) located 
within the MUC1 gene promoter (52). All probes except NC 
bound to recombinant GATA3 but not recombinant IL-33, as 
demonstrated by the formation of a DNA–protein complex. When 
an anti-GATA3 monoclonal antibody was introduced to the bind-
ing reaction, a supershifted complex was detected (SI Appendix, 
Fig. S9 A and B). We also observed the presence of a shifted com-
plex in experiments using the −830 probe and the nuclear extracts 
prepared from normoxic HEK293 cells expressing fIL-33; this 
complex only decreased when the unlabeled −830 self-competitor 
was added in molar excess to suggest that the complex was likely 
a GATA3 consensus sequence-specific DNA–protein ligand, since 
there was no change in the presence of the mutated (mut) com-
petitor (SI Appendix, Fig. S9C). Although western blotting con-
firmed that nuclear extracts from normoxic and hypoxic cells 
contained equal levels of GATA3 (SI Appendix, Fig. S9D), both 
the −830 and −742 probes showed reduced levels of the shifted 
complex in hypoxic nuclear extracts compared to normoxic 
extracts (SI Appendix, Fig. S9E). In these experiments, we were 
unable to observe the clear formation of a supershifted complex 
with the addition of the anti-GATA3 antibody, although the rea-
son was unclear. However, these results strongly suggest reduced 

Fig. 2. IL-33 is HIF-α dependently up-regulated and accumulates in the nucleus of hypoxic CRC cells. (A) qRT-PCR analysis showing the correlation between IL-33 
and sST2 expression levels in NM11 cells under hypoxia. Data are displayed relative to the value at 0 h. (B) Western blotting showing time-dependent changes 
in the levels of various proteins under hypoxia. Cyt, cytoplasmic fraction; Nuc, nuclear fraction. Beta-tubulin and lamin B1 were used as markers for cytoplasmic 
and nuclear fractions, respectively. (C and D) qRT-PCR (C) and western blotting (D) showing IL-33 levels in HIF-α-depleted NM11 cells under hypoxia. (E and F) 
qRT-PCR (E) and western blotting (F) showing IL-33 expression levels under hypoxia in NM11 cells treated with HIF inhibitors. Cells were cultured under the same 
conditions as in Fig. 1 G and H. (G and H) qRT-PCR (G) and western blot (H) showing IL-33 levels in NM11 cells treated with HIF1-α activators. Cells were cultured 
under the same conditions as in Fig. 1 I and J. All data are presented as the mean ± SD of biologically independent samples (n = 3). P values were analyzed by 
one-way ANOVA with Bonferroni correction for multiple comparisons for C, E, and G. ***P < 0.001; ****P < 0.0001; ns, not significant. The uncropped western 
blot images are shown in SI Appendix.
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GATA3 binding to the ST2 proximal promoter in hypoxic cells. 
Altogether, it is likely that under hypoxia, fIL-33 accumulates in 
the nucleus in a HIF-dependent manner and binds to GATA3, 
thereby blocking GATA3 access to the ST2 promoter and inter-
fering with ST2 gene transcription. In this context, gene set 
enrichment analysis using the microarray gene expression data 
from IL-33-expressing HEK293 cells showed a trend toward 
altered expression levels of GATA3 target genes under hypoxia 
(SI Appendix, Fig. S10). Incidentally, exogenous IL-33 expression 
and hypoxia did not affect endogenous GATA3 expression in 
HEK293 cells.

sST2 Expression Is Reduced in the Hypoxic Regions of Human and 
Mouse CRC Tumors. To examine whether sST2 expression is down-
regulated in hypoxic tumor cells in  vivo, immunofluorescence 
staining for sST2 was performed in the hypoxic regions of 
NM11 tumors. Since there are no antibodies that distinguish 
ST2 isoforms, an anti-ST2 antibody that recognizes both ST2L 
and sST2 was used. Double immunofluorescence staining with 
this antibody and an antibody against the hypoxia-detecting 
agent pimonidazole revealed that ST2 levels tended to decrease 
in hypoxic tumor regions (Fig. 5A). We subsequently determined 
whether the ST2 suppression in hypoxic regions actually occurs in 
tumor cells. To this end, we generated 5HRE/GFP-NM11 cells by 
introducing a hypoxia-responsive element (HRE)-regulated GFP 

expression plasmid (5HRE/GFP) into NM11 cells (SI Appendix, 
Fig. S11) and subcutaneously transplanted these cells into mice 
to establish tumors. The results showed a perfect coincidence 
between GFP-positive and pimonidazole-positive regions in the 
tumors, confirming hypoxia-induced GFP expression in tumor 
cells in vivo. ST2 immunostaining of these tumor sections revealed 
decreased ST2 levels in GFP-positive hypoxic tumor cells (Fig. 5B). 
We further investigated the relationship between the hypoxic tumor 
microenvironment and ST2 expression in human CRC lesions. 
Immunofluorescence staining of HIF-1α and ST2 using human 
CRC tissue microarrays revealed that their expression in primary 
CRC lesions was inversely correlated. Furthermore, staining 
with an anti-IL-33 antibody confirmed the IL-33 and HIF-1α 
colocalization. The same trend was more pronounced in CRC 
metastatic lesions in the lungs (Fig. 5C and SI Appendix, Fig. S12). 
In contrast, in normal colon tissue, ST2 was strongly expressed 
in intestinal epithelial cells, but HIF-1α and IL-33 positivity 
was barely detectable (Fig. 5C and SI Appendix, Fig. S12). These 
results suggest that the pattern of ST2 expression differs between 
CRC lesions and normal tissue. Its expression tends to decrease in 
hypoxic regions and is inversely correlated with IL-33 expression. 
The significantly higher percentage of HIF-1α-positive hypoxic cells 
in CRC lesions compared to normal colon tissue suggests that the 
decreased sST2 expression in hypoxic tumor cells may affect CRC 
pathogenesis (Fig. 5D).

Fig. 3. ST2 gene promoter activity is repressed in a nuclear fIL-33-dependent manner under hypoxia. (A and B) qRT-PCR (A) and western blotting (B) showing 
siRNA-mediated IL-33 depletion in NM11 cells. (C) qRT-PCR analysis showing sST2 expression levels in IL-33-depleted NM11 cells under hypoxic condition (1% O2, 
12 h). (D) qRT-PCR showing exogenous expression of human fIL-33 and or cIL-33 in HEK293 cells. qPCR was performed using fIL-33-specific primers (detectable 
only for fIL-33) and pan IL-33 primers (detectable for cIL-33 and fIL-33). (E) Western blotting analysis showing protein expression and subcellular localization of 
exogenous fIL-33 and cIL-33 in HEK293 cells. (F and G) Dual-luciferase reporter assay. DP and PP indicate the distal and proximal ST2 promoters, respectively. 
(F) ST2 promoter activity under normoxic and hypoxic conditions in HEK293 cells expressing fIL-33 or cIL-33. (G) ST2 promoter activity in recombinant IL-33 
(rcIL-33)-treated HEK293 cells. Cells were cultured in the presence of vehicle (DMSO) or 100 ng/mL rcIL-33 for 12 h under hypoxic conditions before the assay. 
All data are presented as the mean ± SD of biologically independent samples (n = 3). P values were analyzed by unpaired two-tailed t test for A, C, and G, and 
by one-way ANOVA with Bonferroni correction for multiple comparisons for F. ***P < 0.001; ****P < 0.0001; ns, not significant. The uncropped western blot 
images are shown in SI Appendix.
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Restoration of sST2 Expression in the Hypoxic Regions of CRC 
Tumors Suppresses Tumor Growth. Next, to determine whether 
reduced sST2 expression in the hypoxic regions of CRC tumors 
affects tumor growth, a hypoxia-responsive sST2 expression vector 
with five HREs was constructed and transfected into NM11 cells 
to obtain 5HRE/sST2-NM11#3 cells (hereafter, sST2-NM11) 
that express sST2 under hypoxia as under normoxia. Vector control 
cells, designated 5HRE/cont-NM11#3 (hereafter, Cont-NM11), 
were also established (SI Appendix, Fig. S13 A–C). Hypoxic culture 
slightly inhibited proliferation of both cells, but there were no 
signs of cell death (SI Appendix, Fig. S13 D–F). To assess tumor 
growth, these cells were subcutaneously transplanted into mice. 
The volume and weight of sST2-NM11 tumors were significantly 
lower than those of Cont-NM11 tumors (Fig. 6A and SI Appendix, 
Fig. S14 A–C). Consistent with this finding, sST2-NM11 tumors 
had fewer Ki67-positive cells than Cont-NM11 tumors, indicating 
that tumor growth was suppressed (Fig. 6B). No serious adverse 
effects such as weight loss were observed in sST2-NM11 tumor-
bearing mice (SI Appendix, Fig. S14D). Whole-tumor sST2 mRNA 

levels were significantly higher in sST2-NM11 tumors than those 
in Cont-NM11 tumors, without affecting ST2L and IL-33 levels 
(Fig.  6C  and SI  Appendix, Fig.  S14E). Immunofluorescence 
staining showed that ST2 levels were lower in hypoxic regions 
than those in nonhypoxic regions in Cont-NM11 tumors but were 
comparable in both regions in sST2-NM11 tumors (Fig. 6D). 
Although it is difficult to distinguish membrane-bound ST2L 
from sST2 by immunofluorescence staining, most ST2 protein 
in tumors detected by western blotting was sST2, suggesting that 
the ST2 signal observed in the tumor tissue primarily reflects sST2 
rather than ST2L (Fig. 6E). In addition, ELISA measurements 
showed significantly higher sST2 concentrations in protein 
extracts from tumors in sST2-NM11 tumors than those in Cont-
NM11 tumors, while serum sST2 levels did not differ between 
groups (Fig. 6F and SI Appendix, Fig. S14F). These data indicate 
that sST2 expression was restored in the hypoxic regions of sST2-
NM11 tumors, an effect that appears to be limited to tumor tissue.

In CRC tumors, sST2 modulates the inflammatory microen-
vironment by inhibiting IL-33/ST2L-mediated tumor-associated 

Fig. 4. Nuclear IL-33 binds to GATA3 under hypoxia and blocks GATA3 access to the ST2 promoter. (A and B) Expression status of GATA3 in NM11 cells under 
normoxic (N, 21% O212 h) or hypoxic (H, 1% O212 h) conditions. qRT-PCR analysis showing GATA3 mRNA levels (A) and western blotting analysis showing 
GATA3 protein levels in nuclear fractions (B). (C) Representative immunofluorescence staining images showing subcellular distribution of GATA3 and IL-33 in 
SW480 cells. Cells were cultured under normoxic (N, 21% O212 h) or hypoxic (H, 1% O212 h) conditions. (Scale bar, 20 µm.) Three pictures were acquired for 
each condition, five locations were randomly selected per image, and the percentage of IL-33+ GATA3+ cells was calculated. n = 15. (D) HaloTag pull-down assay 
showing protein–protein interactions between fIL-33 and GATA3 in HEK293 cells under hypoxia. (E) qRT-PCR showing sST2 mRNA levels in GATA3-depleted 
SW480 cells. (F) Dual-luciferase reporter assay showing distal (DP) and proximal promoter (PP) activity in GATA3-depleted SW480 cells under normoxic conditions 
(21% O212 h). (G) ChIP-qPCR showing GATA3 occupancy on human ST2 promoters. Chromatin samples from SW480 cells immunoprecipitated with anti-GATA3 
antibody subjected to qPCR using the four primer sets indicated on the left. (H and I) ChIP-qPCR showing GATA3 occupancy on the proximal promoter in IL-33-
depleted (H) or HIF-depleted (I) SW480 cells. Data of A, B, and E–I are presented as the mean ± SD of biologically independent samples. P values were analyzed 
by unpaired two-tailed t test for A, C, and E–H and by one-way ANOVA with Bonferroni correction for multiple comparisons for I. ***P < 0.001; ****P < 0.0001. 
The uncropped western blot images are shown in SI Appendix.
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macrophage mobilization, angiogenesis, and Th2 differentiation, 
generating a tumor-suppressive state (32). Therefore, we investi-
gated the effect of restoring sST2 expression in the hypoxic region 
of the tumors on these bioprocesses. Immunofluorescence staining 
for CD31 and F4/80 revealed significantly reduced vascular den-
sity and macrophage infiltration in sST2-NM11 tumors compared 
to Cont-NM11 tumors (Fig. 6 G and H). In addition, PCR array 
analysis of Th1/Th2-related gene expression in tumor tissues sug-
gested that sST2-NM11 tumors had lower Th2 cytokine and 
chemokine expression than 5HRE/cont-NM11 tumors (SI Appendix, 
Fig. S15A). Consistent with these findings, qRT-PCR indicated 
that sST2-NM11 tumors tended to express higher Th1-related 
genes (Ccl5 and Cxcr3) and lower Th2-related genes (Ccl7, Cebpb, 
Il6, and Il7; SI Appendix, Fig. S15B). We also investigated the 
effect on M2 macrophage differentiation, which is closely related 
to the Th2 phenotype, and found that the expression of M2 mark-
ers, such as arginase and CD163, was significantly lower in 
sST2-NM11 tumors than that in Cont-NM11 tumors (Fig. 6I). 
In addition, because CD4 and Treg cells are the dominant effector 
cells of IL-33 (22, 53), we investigated the status of these cell 
populations in sST2-expressing and nonexpressing tumors by 

double immunofluorescence staining using anti-CD4 and 
anti-FOXP3 antibodies. We found that not only the number of 
CD4 cells but also the percentage of CD4+FOXP3+ Treg cells was 
decreased in sST2-NM11 tumors compared to Cont-NM11 tum-
ors (Fig. 6J and SI Appendix, Fig. S16). Taken together, these 
results suggest that restoring sST2 expression in CRC cells in 
hypoxic tumor regions may modulate the inflammatory microen-
vironment and lead to tumor suppression.

Restoration of sST2 Expression Confined to Hypoxic Regions of 
CRC Tumors Inhibits Metastasis. NM11 cells are not suitable 
for assessing metastasis due to their low metastatic potential. 
Therefore, we used LuM1 cells, a counterpart of NM11 cells with 
high metastatic potential and low sST2 expression, to examine 
the effect of restoring sST2 expression in hypoxic tumor cells on 
metastasis. To this end, LuM1 cells expressing sST2 in response to 
hypoxia were prepared in the same manner as NM11 cells. Among 
the stable clones, cells showing similar levels of sST2 expression 
under hypoxia and normoxia (5HRE/sST2-LuM1#1 cells, hereafter 
termed sST2-LuM1#1) and cells showing higher sST2 expression 
under hypoxia than that under normoxia (5HRE/sST2-LuM1#21 

Fig. 5. Hypoxic regions of CRC tumors show decreased ST2 expression and increased IL-33 expression. (A) Representative images of immunofluorescence 
staining showing pimonidazole-positive hypoxic regions (Pimo, green) and ST2-expressing cells (red) in NM11 tumor sections. A magnified view of the boxed 
area is shown below. (Scale bars, 200 µm.) (B) Representative images of immunofluorescence staining showing the relationship between hypoxia-induced GFP-
expressing tumor cells (green) and pimonidazole-positive hypoxic regions (Pimo, red, surrounded by white dotted lines) or ST2-positive cells (green) in NM11 
tumor sections. The inside of the white dotted line indicates the hypoxic region. (Scale bars, 100 µm.) (C) Representative images of immunofluorescence staining 
showing the distribution of HIF-1α (red), ST2 (green), or IL-33 (green) in tissue microarrays from CRC patients. (Scale bars, 50 µm.) Nuclear counterstaining with 
DAPI was performed in all immunofluorescence staining. (D) Percentages of hypoxic cells in the tissue. Using the same tissue microarray as in C, the numbers 
of hypoxic cell nuclei (HIF-1α positive) and total nuclei were counted in sections of CRC primary tumors (n = 40) and adjacent normal tissue (n = 9). (Scale bar, 
100 µm.) Data in D are presented as the mean ± SD. P value was analyzed by unpaired two-tailed t test. ****P < 0.0001.
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cells, hereafter termed sST2-LuM1#21) were selected (SI Appendix, 
Fig. S17 A–C). In hypoxic culture conditions, proliferation was 
suppressed in all cell lines, including vector control cells (5HRE/
cont-LuM1#3 cells, hereafter termed Cont-LuM1), regardless 
of hypoxic-responsive sST2 expression; in any case, cell viability 
was not affected (SI  Appendix, Fig.  S17 D–F). When these 
cells were transplanted subcutaneously into mice, the growth 
of sST2-LuM1#1 and sST2-LuM1#21 tumors was suppressed 
without weight loss compared to Cont-LuM1 tumors (Fig. 7A 
and SI Appendix, Fig. S18 A–D). In particular, marked growth 
inhibition was observed in sST2-LuM1#21 tumors with a 
decrease in Ki67-positive cells (Fig.  7B). sST2 mRNA levels 
were significantly higher in sST2-LuM1 tumors than those in 
Cont-LuM1 tumors; sST2-LuM1#21 tumors in particular were 
highly noticeable (Fig. 7C). ST2 (probably sST2) expression in the 
hypoxic regions was also higher in sST2-LuM1 tumors than that 

in Cont-LuM1 tumors (Fig. 7D). The expression levels of ST2L 
and IL-33 showed little to no difference (SI Appendix, Fig. S18E). 
Serum concentrations of sST2 were comparable in all tumor-
bearing mice (SI Appendix, Fig. S18F), whereas tumor extracts 
exhibited higher levels in the order of Cont<#1<#21 tumors 
(Fig. 7 E and F). Similar to NM11 tumors, hypoxia-responsive 
sST2 expression in LuM1 tumors was associated with decreased 
tumor vascular density, macrophage infiltration, Th2-related 
gene expression, and the number of CD4 cells. In particular, 
the percentage of Treg cells was markedly reduced in tumor #21 
(Fig. 7 G–I and SI Appendix, Fig. S15B).

Intriguingly, the total number of metastatic nodules on the lung 
surface of mice with sST2-LuM1#21 tumors was significantly lower 
than that of mice with control tumors. Notably, sST2-LuM1#1 
mice had significantly fewer large nodules (>0.05 mm), even 
though the total number of metastatic nodules was comparable to 

Fig. 6. Hypoxia-responsive sST2 expression in mouse CRC cells suppresses tumor growth and modifies the inflammatory microenvironment. (A) Effect of 
hypoxia-responsive sST2 expression in NM11 cells on tumor growth. Tumor size was measured every 3 d from day 7 after implantation after formation of 
palpable tumors (n = 6 per group). Tumor volumes on day 19 were statistically compared. (B) Representative images of immunofluorescence staining of Ki67-
positive proliferating cells in tumor tissues. (Scale bar, 20 µm.) The percentage of Ki67+ cells was calculated for each image (n = 15 per group). (C) qRT-PCR 
showing sST2 levels in whole-tumor tissues (n = 6 per group). (D) Representative images of immunofluorescence staining presenting ST2 expression (green) 
and pimonidazole-positive hypoxic region (Pimo, red, surrounded by white dotted lines) in the tumor tissues. (Scale bar, 100 µm.) (E) Representative images 
of western blotting showing sST2 protein levels in whole-tumor tissues. (F) ELISA analysis showing sST2 concentrations in protein extracts from whole tumors 
(n = 6 per group). (G) Representative images of immunofluorescence staining of CD31-positive vascular endothelial cells in tumor tissues. (Scale bar, 100 µm.) 
The vessel density in each image was quantified using ImageJ software (n = 15 per group). (H) Representative images of immunofluorescence staining showing 
macrophage infiltration into tumors. (Scale bar, 50 µm.) The percentage of F4/80+ cells was calculated for each image (n = 15 per group). (I) qRT-PCR showing 
M2 marker expression in whole-tumor tissues (n = 6 per group). (J) Representative images of immunofluorescence staining showing helper T (CD4+) and Treg 
(CD4+ FOXP3+) cells in the tumor. CD4 is presented in green, FOXP3 in red, and nuclear counterstaining with DAPI in blue. Arrowheads indicate CD4+FOXP3+ 
cells. (Scale bar, 50 µm.) Enlarged versions of these images are shown in SI Appendix, Fig. S16. The numbers of CD4+ cells and CD4+FOXP3+ cells were counted 
and quantified for each image (n = 20 per group). The data of A–C and F–J are presented as the mean ± SD of biologically independent samples. P values were 
analyzed by unpaired two-tailed t test. **P < 0.01; ****P < 0.0001. The uncropped western blot images are shown in SI Appendix.
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that of control mice (Fig. 8 A and B). Furthermore, hematoxylin–
eosin staining of lung tissue revealed that the number of microme-
tastases per section significantly decreased with increasing 
hypoxia-responsive sST2 expression in LuM1 cells (Fig. 8 C and 
D). These results suggest that hypoxia-responsive sST2 expression 
in highly metastatic CRC cells inhibits tumor growth and lung 
metastasis.

Discussion

This study demonstrates that hypoxia down-regulates sST2 expres-
sion in CRC cells via the HIF–IL-33–GATA3 axis. Under hypoxia, 
HIF-up-regulated IL-33 translocates to the nucleus and interacts 
with GATA3 to block its binding to the proximal promoter of the 
ST2 gene. Hypoxia-induced sST2 downregulation was also 
observed in the hypoxic regions of mouse and human CRC 

tumors. Our most important finding was that restoring sST2 
expression in the hypoxic regions of CRC tumors can alter the 
inflammatory tumor microenvironment and effectively suppress 
tumor growth and distant metastasis (SI Appendix, Fig. S19). 
Recently, it was shown that activation of nuclear IL-33/SMAD 
signaling in epithelial cells is important for the development of 
chronic inflammation-related cancers (54), and that nuclear IL-33 
in Treg cells is essential for their immunosuppressive activity (31). 
In addition to these reports, the present study suggests that nuclear 
IL-33 has a significant impact on tumor malignancy.

To date, it has been reported that nuclear IL-33 directly binds 
to multiple homeoboxes in the distal and proximal promoters of 
the ST2 gene and recruits the methyltransferase SUV39H1 to pro-
mote histone H3K9 trimethylation (47). In our study, H3K9me3 
levels at the ST2 distal and proximal promoters in CRC cells were 
only slightly increased in a time-dependent manner under hypoxia, 

Fig. 7. Hypoxia-responsive sST2 expression in highly metastatic mouse CRC cells suppresses tumor growth. (A) Effect of hypoxia-responsive sST2 expression 
in LuM1 cells on tumor growth. Tumor size was measured every 3 d from day 7 after implantation after formation of palpable tumors (n = 6 per group). Tumor 
volumes on day 19 were statistically compared. (B) Representative images of immunofluorescence staining of Ki67-positive proliferating cells in tumor tissues. 
(Scale bar, 20 µm.) The percentage of Ki67+ cells was calculated for each image (n = 15 per group). (C) qRT-PCR showing sST2 expression in whole-tumor tissues 
(n = 6 per group). (D) Representative images of immunofluorescence staining presenting ST2 expression (green) and pimonidazole-positive hypoxic region 
(Pimo, red, surrounded by white dotted lines) in the tumor tissues. (Scale bar, 100 µm.) (E) Representative images of western blotting showing sST2 protein 
levels in whole-tumor tissues. (F) ELISA analysis showing sST2 concentrations in protein extracts from whole tumors (n = 6 per group). (G) Representative images 
of immunofluorescence staining of CD31-positive vascular endothelial cells in tumor tissues. (Scale bar, 100 µm.) Vessel density in each image was quantified 
using ImageJ software (n = 15 per group). (H) Representative images of immunofluorescence staining showing macrophage infiltration into tumors. (Scale bar, 
50 µm.) The percentage of F4/80+ cells was calculated for each image (n = 15 per group). (I) Representative images of immunofluorescence staining presenting 
helper T (CD4+) and Treg (CD4+ FOXP3+) cells in the tumor. CD4 is presented in green, FOXP3 in red, and nuclear counterstaining with DAPI in blue. Arrowheads 
indicate CD4+FOXP3+ cells. (Scale bar, 50 µm.) Enlarged versions of these images are shown in SI Appendix, Fig. S16. The numbers of CD4+ cells and CD4+FOXP3+ 
cells were counted and quantified for each image (n = 20 per group). Data in A–C and F–I are presented as the mean ± SD of biologically independent samples. 
P values were analyzed by one-way ANOVA with Bonferroni correction for multiple comparisons. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not 
significant. The uncropped western blot images are shown in SI Appendix.
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an effect attenuated by IL-33 depletion, suggesting that IL-33 par-
tially affects ST2 promoter activity under hypoxia via H3K9 tri-
methylation. Supporting this finding, treatment with chaetocin, 
an SUV39H1 inhibitor, did not fully restore sST2 expression under 
hypoxia. Therefore, we speculated that another mechanism is at 
work in hypoxic CRC cells to reduce sST2 expression: GATA3 
binds to the proximal promoter of the ST2 gene, and nuclear IL-33 
inhibited this binding. Thus, nuclear IL-33 in hypoxic cells acts as 
a transcriptional repressor of the ST2 gene. Similarly, nuclear IL-33 
in IL-1β-stimulated cells tightly binds to the p65 subunit of NF-κB 
to form the IL-33/NF-κB complex, which inhibits NF-κB p65 
binding to DNA and suppresses transcription and expression of 
NF-κB target genes such as IκBα, tumor necrosis factor (TNF)-α, 
and C-REL (51). On the contrary, nuclear IL-33 has been reported 
to bind directly to the promoter region of the NF-κB p65 subunit 
gene in response to TNF and acts as a transcriptional activator (55). 
As such, nuclear IL-33 may function as a transcriptional repressor 
or activator by binding to transcription factors, depending on cell 
types and cellular conditions. Another report showed that nuclear 
IL-33 forms a macromolecular complex with histones and is 
released extracellularly, binding to ST2L and synergistically acti-
vating IL-33/ST2L signaling (56). Thus, nuclear IL-33 can function 
as a transcriptional modulator in the nucleus and as an activator of 
ST2L signaling. Despite this knowledge, the function of nuclear 
IL-33 is not fully understood.

The hypoxia-specific interaction between IL-33 and GATA3 is 
not solely due to increased nuclear IL-33 levels. This is because 
although nuclear IL-33 levels were increased in HEK293 cells 
expressing exogenous IL-33 regardless of oxygen status, binding 
between nuclear IL-33 and GATA3 was only detected under 

hypoxia. Therefore, some qualitative changes may occur in nuclear 
IL-33 under hypoxia. For example, in extracellular acidic environ-
ment, two disulfide bridges are formed within the IL-33 molecule, 
causing a large conformational change in the molecular structure 
and altering its binding ability to ST2 (57). Hypoxia/anoxia is 
reported to elevate intracellular pH (58). If hypoxia creates such 
acidic conditions in CRC cells, it is possible that conformational 
changes in nuclear IL-33 may occur that promote its binding to 
GATA3. Further studies are required to elucidate the mechanism 
underlying the IL-33–GATA3 interaction in hypoxia.

Hypoxia-responsive sST2 expression in CRC cells suppressed 
tumor growth and metastasis, although it did not affect cell prolifer-
ation in culture. As such, restoration of sST2 expression in hypoxic 
regions of tumors may shift the tumor microenvironment toward a 
tumor-suppressive state. Indeed, NM11 tumors expressing sST2 in 
response to hypoxia showed increased expression levels of the 
tumor-suppressive Th1-associated genes Ccl5 and Cxcr3 and decreased 
expression levels of the tumor-promoting Th2-associated genes Ccl7, 
Cebpb, Il6, and Il7. We previously demonstrated that systemic admin-
istration of recombinant sST2 to CRC tumor-bearing mice sup-
pressed tumor growth and metastasis (32). However, this approach 
may be impractical due to the need for large amounts of recombinant 
protein to maintain high circulating sST2 levels and the risk of 
immune disorders resulting from imbalanced IL-33 and sST2 levels. 
In contrast, current data provide evidence that hypoxia-responsive 
elevation of sST2 levels is restricted to tumor tissue and can thus 
effectively suppress the growth and metastasis of CRC tumors without 
causing systemic adverse events. Therefore, strategies that block sST2 
downregulation in hypoxic tumor regions appear to be able to sup-
press malignant CRC effectively and safely. One such strategy could 

Fig. 8. Hypoxia-responsive sST2 expression in highly metastatic mouse CRC cells suppresses lung metastasis. (A) Representative macroscopic image of the 
lungs. Red arrowheads indicate metastatic nodules ≥0.5 mm in diameter. (Scale bar, 1 cm.) (B) Number of metastatic nodules per lung. In addition to the total 
number of nodules, large (≥0.5 mm in diameter) and small (<0.5 mm in diameter) nodules are displayed separately. Data are presented as the mean ± SD 
(n = 6 in each group). P values were analyzed by one-way ANOVA adjusted for multiple comparisons. (C) Images of typical micrometastasis in hematoxylin- and 
eosin-stained sections of the left lung lobe. Scale bars indicate 2.5 mm at ×12.5 magnification, 500 μm at ×50 magnification, and 50 μm at ×400 magnification. 
(D) Number of metastatic nodules per section. Ten sections of 5 to 6 lungs per group were counted. P values were analyzed by the Mann–Whitney U test. *P < 
0.05; ***P < 0.001; ****P < 0.0001; ns, not significant.



PNAS  2023  Vol. 120  No. 18  e2218033120� https://doi.org/10.1073/pnas.2218033120   11 of 12

be the inhibition of HIFs, the most upstream regulators of sST2 
expression in hypoxia. As a large number of small-molecule HIF 
inhibitors are under development (59), some may help maintain high 
sST2 levels in CRC tumors and ultimately treat high-grade CRC. 
Our report suggests that sST2 expression in CRC cells reduces tumor 
malignancy. However, the effects of sST2 may depend on cell type 
and context, i.e., sST2 exhibits tumor-promoting effects in gastric 
cancer (18), ER-positive breast cancer (30), and pancreatic cancer 
cells (60). Such discrepancies may be due to differences in inflamma-
tory status in the microenvironment. Therefore, reduced sST2 expres-
sion in hypoxic regions of these tumors may have different implications 
and should be additionally investigated.

In conclusion, the present study described the linkage of HIF, 
nuclear IL-33, GATA3, and sST2 in hypoxia, which is closely asso-
ciated with the malignant progression of CRC tumors. Recently, 
a relationship between the microenvironment and IL-33–ST2L 
signaling has been reported in various cancers (61). Accordingly, 
molecules involved in the IL-33–ST2L axis and sST2 in tumor 
tissue may be important targets to prevent the malignant progres-
sion of cancer. Further studies are warranted to evaluate this issue.

Materials and Methods

Cells and Cell Culture. Mouse CRC NM11 cells and their highly metastatic coun-
terparts LuM1 cells were established from the mouse colon adenocarcinoma Colo26 
cell line (62). Human CRC SW480 cells and human fetal kidney HEK293 cells were 
obtained from ATCC. All cells were cultured in Dulbecco’s Modified Eagle’s Medium 
(Sigma-Aldrich, D6429) supplemented with 10% fetal bovine serum and 50 μg/mL 
gentamicin and maintained at 37 °C in a humidified atmosphere of 5% CO2. The 
cells were normally cultured at atmospheric oxygen concentrations (21%). Hypoxic 
cultures were performed in an atmosphere of 1% O2, 5% CO2, and 94% N2 using 
a multigas incubator (Wakenyaku, 9000E). Alternatively, hypoxia mimetics such as 
CoCl2, DMOG, and DFO were added to the culture medium. For HIF-α inhibition 
under hypoxic conditions, cells were pretreated with the HIF-1α inhibitor SW6 or 
HIF-2α inhibitor TC-S 7009 for 12 h and exposed to 1% O2.

RNA Preparation and qRT-PCR. RNA preparation and qRT-PCR were con-
ducted as previously described (32). Gene expression levels were normalized 
to beta-2 macroglobulin by the ΔΔCT method. Primer information is detailed 
in SI Appendix, Table S1.

siRNA-Mediated Gene Depletion. MISSION® siRNAs (Sigma-Aldrich) specific 
for mouse Hif1a, Hif2a, Il33, and Gata3 along with control siRNA were used. Each 
siRNA was transfected into cells using Lipofectamine® RNA iMAX Transfection Reagent 
(ThermoFisher Scientific, #13778075) according to the manufacturer’s protocol.

Western Blotting. Western blotting was conducted as previously described 
(32). Information on the antibodies used in western blotting is presented in 
SI Appendix, Table S2. The uncropped images are shown in SI Appendix.

ChIP-qPCR. The information on ChIP-qPCR is provided in SI Appendix. The prim-
ers used are presented in SI Appendix, Table S2.

Animal Experiments. All animal experiments were performed according to the 
guidelines of the Institutional Review Board (19-008) of Teikyo University. The 
information on tumor transplantation is provided in SI Appendix.

HaloTag Pull-Down Assay. The information on HaloTag pull-down assay is 
provided in SI Appendix. Antibodies used in this experiment are presented in 
SI Appendix, Table S3.

Immunohistochemistry. Frozen tumor sections (10 μm thick) were prepared 
using a cryostat (Leica, CM3050). Immunohistochemistry was conducted as pre-
viously described (32). Anti-pimonidazole antibody and the secondary antibody 
included in the Hypoxyprobe™-1 kit (Hypoxyprobe, HP1-100) were used to 
detect hypoxic regions. All antibodies used in this experiment are presented in 
SI Appendix, Table S3.

Detection of Pulmonary Micrometastases. The left lungs were fixed with 
formaldehyde, embedded in paraffin, and cut into 5-μm sections. Ten sections at 
50 μm intervals in each lung lobe were prepared for staining with hematoxylin 
and eosin. Metastatic foci were counted under a bright field microscope.

Tissue Microarray Staining. The information on tissue microarray staining is 
provided in SI Appendix. All antibodies used in this experiment are presented 
in SI Appendix, Table S3.

Luciferase Reporter Assay. The information on the luciferase reporter assay 
is provided in SI Appendix.

ELISA. The information on ELISA is provided in SI Appendix.

Preparation of Hypoxia-Induced Expression Vectors and Transfection. The 
information on preparation of hypoxia-induced expression vectors and transfec-
tion is provided in SI Appendix.

Microarray Analysis. The information on microarray analysis is provided in 
SI Appendix.

PCR Array. RT2 Profiler™ PCR Array Mouse Th1 & Th2 Responses (Qiagen, 
#330231) were used to screen for Th1/Th2 cytokine expression in tumor tissue. 
Using the total RNA extracted from the tumor, reverse transcription followed by 
qPCR was performed as previously described (32). Data were analyzed using the 
web analysis tool for PCR arrays provided by Qiagen.

EMSA. The information on EMSA is provided in SI Appendix. All probes used in 
this experiment are presented in SI Appendix, Table S4.

Statistical Analysis. Statistical analysis was performed using GraphPad Prism 
9 software (GraphPad). All data were expressed as the mean ± SD. Statistical 
significance between two datasets was evaluated using an unpaired two-tailed  
t test. We used one-way ANOVA with Bonferroni correction to compare data from 
multiple groups. To evaluate the difference in the number of metastatic nodules 
in hematoxylin- and eosin-stained tissue sections, we used a Mann–Whitney  
U test. P < 0.05 was considered statistically significant.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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