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A moonlighting function of tumoral
interleukin-1β precursor promotes
metastasis via RACK1-mediated actin
remodeling

Quanzhu Chen1,2,3,4,5,9, Pan Wu1,2,3,4,9, Jing Cai6, Xingxing Lu1,2,3,4,
Zhaojian Gong 7, Pan Chen1, Zhaoyang Zeng 1,2,3,4, Guiyuan Li1,2,3,4,
Wei Xiong 1,2,3,4, Mei Yi2,8 & Bo Xiang 1,2,3,4

Interleukin-1β (IL-1β) is a key inflammatory mediator in cancer. Its precursor,
Pro-IL-1β, is conventionally considered inactive. Here we demonstrate that
head and neck squamous cell carcinoma (HNSCC) cells exhibit significantly
elevated Pro-IL-1β expression, driven by super-enhancer-mediated transcrip-
tion of the IL1B gene. We show that intracellular Pro-IL-1β promotes tumor
invasion andmetastasis independent of IL-1β processing. Mechanistically, Pro-
IL-1β binds RACK1 and inhibits its UBE2T-mediated ubiquitination, thereby
stabilizing RACK1 and activating RhoA signaling to induce actin cytoskeleton
remodeling and pseudopodia formation. Genetic inhibition of RACK1 abol-
ishes Pro-IL-1β-induced metastasis. Clinically, RACK1 protein levels correlate
with Pro-IL-1β expression in HNSCC specimens. Furthermore, we identify the
natural compoundQ3MGas a direct binder of Pro-IL-1β; it promotes lysosomal
degradation of Pro-IL-1β and suppresses metastatic progression both in vitro
and in vivo. Our study reveals a non-canonical, moonlighting function of Pro-
IL-1β in tumor progression and highlights Q3MG as a promising therapeutic
agent against metastatic cancer.

Interleukin-1β (IL-1β) is an important inflammatory factor in the tumor
microenvironment (TME) that promotes cancer development and
progression1. IL-1β is produced as a precursor, named Pro-IL-1β. The
Pro-IL-1β is encoded by IL1B gene. In response to cellular stress, the
transcription of IL1B is rapidly and vigorously induced. Followed by
assemble of inflammasomes, the proenzymeprocaspase-1 is converted

to its active form caspase-1, which cleaves the Pro-IL-1β precursor,
releases active IL-1β, and induces pyroptosis, an inflammatory cell
death2,3. The source of IL-1β in TMEs is mainly from immune cells in
response to infectious or other stressful stimuli, particularly inmyeloid
cells, such as macrophages4. In addition, tumor cells can produce IL-
1β5,6. Both environment-derived and tumor cells-derived IL-1β have
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been shown to exerts pro-tumor function through various
mechanisms7. Observations from the Canakinumab Anti-Inflammatory
Thrombosis Outcome Study clinical trial unexpectedly found admin-
istration of canakinumab, the anti-IL-1β drug developed by Novartis,
reduced the occurrence of fatal and non-fatal lung cancers in patients
with a persistent pro-inflammatory response8, which fueled the
enthusiasm of blocking IL-1β as a strategy for developing new cancer
medicines. However, canakinumab administration failed to improve
the primary endpoints of overall survival (OS) and progression-free
survival in non-small cell lung cancer patients in the CANOPY-1
(NCT03631199) and CANOPY-2 (NCT03626545) phase III clinical
trial9,10, raising important concerns about the validity of secreted IL-1β
as a therapeutic target for cancer treatment. To date, the conventional
view believes that IL-1β is solely active as an extracellular secreted
cytokine, while its cytoplasmic precursor is biologically inactive11,12.
Though there are many studies focused on the role of mature IL-1β,
there has been no research on whether its precursor has a function
in tumors.

Head and neck squamous cell carcinoma (HNSCC) are aggressive
malignant diseases within high incidence of metastasis13,14. Due to lack
of effective screening strategy, early detection of HNSCC remains
great challenge, resulting in the majority of HNSCC patients being
diagnosed in the advanced stages. Treatment of HNSCC patients
consist of surgery followed by adjuvant radiation or chemotherapy
plus radiation15. Mutational profiling revealed that most of frequently
mutated genes in HNSCC are tumor suppressors, such as TP53,
CDKN2A, FAT1, NOTCH1, KMT2D, NSD1, and TGFBR216,17. Mutations in
oncogenes are rare in HNSCC, except for the case of PIK3CA18. In
addition to genetic alterations, epigenetic changes also have a role in
driving HNSCC oncogenesis. DNA hypermethylation-mediated inacti-
vation of key tumor suppressor genes, including CDKN2A, RARB19,20,
NOR1, DCC, and MGMT, occurs frequently21–23. Super enhancers (SEs)
are tandem enhancer clusters that drive the expression of cell identity
genes24. Cancer-specific SEs canmediate overexpression of oncogenes
that sustain tumorcells proliferation and initiatemetastasis25. Aberrant
SEs play a critical role in maintaining the malignant behaviors of
HNSCC26–28. Distant metastasis remains a major determinant of prog-
nosis in HNSCC. To improve the treatment of metastatic cancers, its
urgent to deepen our understanding of tumormetastasismechanisms.

The process of cell invasion and migration requires the restruc-
turing the cytoskeletal components, including actin, tubulin, and
intermediate filaments. Remodeling of actin cytoskeleton affects the
cellular architecture, enabling the formation of different protrusions
such as filopodia, lamellipodia, stress fibers, and invadopodia that
facilitate cell migration and invasion, which eventually leading to
metastasis29,30. Rho family GTPases are key regulators of the actin
cytoskeleton that are involved in cell migration, cell polarity, and
membrane trafficking31. Activation of RhoA signaling pathway is well
known to promote cancer cell metastasis32–35. In addition of regulating
contractility in the cell body36,37, RhoA also regulates membrane
protrusion38–40. Rho GTPase activation is conversely regulated by GTP
exchange factors (GEFs) and GTPase-activating proteins (GAPs)41. In
addition, proteins that do not have GEFs or GAPs activity can also
regulate the activation of RhoA. For example, the receptor of activated
protein kinase C1 (RACK1) interacts with RhoA and activates the RhoA/
Rho kinase pathway to stimulate breast cancer cell invasion and
metastasis42.

In the current study, we found upregulation of Pro-IL-1β in HNSCC
tissues and cell lines, but relatively low mature IL-1β generated under
resting status. High level of Pro-IL-1β predicts increased risk of distant
metastasis and unfavorable prognosis in HNSCC patients. Acquisition
SEs at IL1B gene is the cause leading to increased IL1B mRNA and
overexpression of Pro-IL-1β in HNSCC. Tumoral Pro-IL-1β exerts an
unusual role topromote tumor cell invasiveness invitro andmetastasis
in vivo via activation of RhoA GTPase signaling, without needing to

process into mature IL-1β. Mechanistically, Pro-IL-1β binds with RACK1
and prevents UBE2T-mediated degradation of RACK1, leading to RhoA
activation and eventual cancer metastasis. We further demonstrated
that Quercetin 3-O-(6”-O-malonyl)-β-D-glucoside (Q3MG) could target
to intracellular Pro-IL-1β and promote its lysosomal degradation,
exerting an inhibitory effect on tumor cell invasion and metastasis.

Results
High expression of Pro-IL-1β associates with metastasis and
unfavorable prognosis in HNSCC cells
We analyzed the transcriptomic data of HNSCC and found that IL1B
mRNA is increased in HNSCC (Fig. 1A). qRT-PCR assays confirmed the
upregulation of IL1B mRNA in oral squamous cell carcinoma (OSCC)
samples (Fig. 1B). To our surprise, Western blot assay showed that Pro-
IL-1β, rather than mature IL-1β, was highly expressed in OSCC samples
(Fig. 1C), albeit the antibody could recognize the mature IL-1β when
cells undergo pyroptotic cell death triggered by triptolide, a pyr-
optosis inducer demonstrated by our previous study (Supplementary
Fig. S1A)43. Our result is consistent with the previous demonstration
that Pro-IL-1β was upregulated in human OSCC tumors44. We further
detected Pro-IL-1β in HNSCC samples by immunohistochemistry
assays and the results showed that the level of Pro-IL-1β in tumor is
much higher than that of in normal counterpart (Fig. 1D and Supple-
mentary Fig. S1B). High level of Pro-IL-1β is positively associated with
advanced T stage (Fig. 1E), distantmetastasis (Fig. 1F), and unfavorable
prognosis in HNSCC patients (Fig. 1G). We then measured the
expression of Pro-IL-1β in cancer cell lines. As shown in Supplementary
Fig. S1C, IL1B mRNA was highly presented in HK1, FaDu, and BxPC3
cells, but weak in C666-1 cells. Western blot also showed Pro-IL-1β is
highly expressed in HK1, FaDu, and BxPC3 cells, but absent in C666-1
cells. The level of mature IL-1β in cell lysates is undetectable by Wes-
tern blot (Supplementary Fig. S1D). ELISA assays suggested that the
level of secreted IL-1β in extracellular space under resting status is
lower than 10 pg/mL, but it could reach to ~200pg/mL when the
NLRP3 inflammasome was activated by lipopolysaccharide (LPS) plus
ATP treatment (Supplementary Fig. S1E), suggesting the NLRP3
inflammasome is intact in HNSCC cells, which is in consistent with the
results reported previously45. Immunofluorescence assays showed the
Pro-IL-1β protein abundantly distribute in cytoplasm of tumor cells
(Supplementary Fig. S1F). Thus, our data suggested that the product of
IL1B is mainly presented as Pro-IL-1β in HNSCC tumor cells under
resting status.

SEs drives constitutive expression of Pro-IL-1β in HNSCC cells
Acquisition of SEs contributes to overexpression of oncogene pro-
ducts in human cancers25.We analyzed SEs landscape of SCC cells used
in this study and found that there were SEs marked by intensive
H3K27acmodification at IL1Bgene inHK1, BxPC3 cells withinhigh level
of Pro-IL-1β, but not in C666-1 cells without expression of Pro-IL-1β
(Supplementary Fig. S2A), suggesting SEs status is well correlated with
the expression level of IL1B mRNA and Pro-IL-1β in SCC cells. Treat-
ment with JQ1, a BRD4 inhibitor known to disrupt SEs-mediated tran-
scription, efficiently reduced the mRNA levels of IL1B and the protein
levels of Pro-IL-1β in HK1, FaDu, and BxPC3 cells in a dose-dependent
manner (Supplementary Fig. S2B, C). ChIP-seq data showed ΔNp63α,
themajor isoform of p63α expressed in SCC cells, boundwith SEs-IL1B
in HK1, BxPC3 cells. Deletion of TP63 by CRISPR/Cas9 dramatically
reduced the H3K27ac level at SEs-IL1B in BxPC3 cells (Supplementary
Fig. S3A). ChIP-qPCR assays also confirmed that silencing ΔNp63α by
shRNA led to decrease of H3K27ac, H3K4me1, and MED1/RNA pol II
level at SEs-IL1B inHK1 cells (Supplementary Fig. S3B–E), indicating the
presence of ΔNp63α is required for maintenance of SEs-IL1B in SCC
cells. We further designed sgRNAs targeting to the ΔNp63α binding
sites at SEs-IL1B. When these sgRNAs were co-introduced with dCas9-
KRAB into HK1 cells, the mRNA levels of IL1B and the protein levels of
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Pro-IL-1β were significantly reduced (Supplementary Fig. S3F, G),
highlighting the essential role of ΔNp63α binding in driving the tran-
scription of IL1B in SCC cells. Consequently, silencing ΔNp63α by
shRNA resulted in reduction of themRNA levels of IL1B and the protein
levels of Pro-IL-1β in HK1, FaDu, and BxPC3 cells (Supplementary
Fig. S3H, I), which is in consistent with a previous study that silencing
ΔNp63α led to downregulation of IL1B mRNA in HNSCC cells46. Thus,
these data indicated that the transcription of IL1B and consequent
overexpression of Pro-IL-1β in SCC cells under resting status is driven
by ΔNp63α-dependent SEs.

The Pro-IL-1β enhances HNSCC cells migration and invasion
in vitro in a cytokine-independent manner
The phenomenon that cytosolic Pro-IL-1β exists alongside other
inactive inflammasome components within tumor cells raises the
intriguing possibility that it may have a moonlighting function in
cancer cells, albeit Pro-IL-1β in immune cells is routinely regarded as
biological inactive. To this end, we silenced the expression of Pro-IL-

1β in HK1, FaDu, and BxPC3 cells by shRNAs, we also overexpressed
the wild type (WT) Pro-IL-1β (wtIL1B) or a non-cleavable Pro-IL-1β
mutant (mtIL1B) within point mutation at the caspase-1 and -8
cleavage site (D117) of Pro-IL-1β protein in C666-1, HK1, and BxPC3
cells. A series of experimental results confirmed that either loss of
function or gain of function models were successfully established
(Supplementary Fig. S4). CCK-8 assays, and colony-formation assays
indicated that neither loss of Pro-IL-1β nor gain of WT Pro-IL-1β or
non-cleavable Pro-IL-1β exerted little effect on SCC cells prolifera-
tion and survival (Supplementary Fig. S5). However, wound-healing
assays demonstrated that loss of endogenous Pro-IL-1β significantly
inhibited the migrative ability of SCC cells, whereas gain of WT Pro-
IL-1β or non-cleavable Pro-IL-1β exerted opposite effect (Supple-
mentary Fig. S6A). Transwell assays also indicated that silencing Pro-
IL-1β impaired the SCC cells migration and invasion in vitro, whereas
overexpression both WT Pro-IL-1β and non-cleavable Pro-IL-1β pro-
motes SCC cells migration and invasion in a similar extent (Fig. 2A
and Supplementary Fig. S6B).

Fig. 1 | High expression of Pro-IL-1β associateswithmetastasis and unfavorable
prognosis in HNSCC patients. A the mRNA levels of IL1B in HNSCC were analyzed
fromTCGA transcriptomic dataset. Tumor: n = 502 patient samples; Normal: n = 44
patient samples. B the mRNA levels of IL1B in fresh HNSCC samples and normal
counterparts were determined by qRT-PCR. n = 3 biologically independent sam-
ples. C the protein levels of Pro-IL-1β in fresh HNSCC samples and normal coun-
terparts were determined by Western blot assays. N normal, T tumor. The samples
derive from the same experiment, but different gels for Pro-IL-1β and its loading
control GAPDH were processed in parallel. D the protein levels of Pro-IL-1β in
HNSCC samples were measured by IHC assays. Scale bar = 200 μm, 50μm. E, F the
protein level of Pro-IL-1β associates with advanced T stage and distantmetastasis in

HNSCC. T1–T3: n = 81 patient samples, T4: n = 9 patient samples; M0: n = 68 patient
samples, M1: n = 22 patient samples. The box plots represent the median (center
line), the 25th and 75th percentiles (bounds of the box), and the whiskers extend to
the smallest and largest values within 1.5 × interquartile range (IQR) from the box.
G the protein level of Pro-IL-1β predicts unfavorable overall survival in HNSCC
patients. IHCscoresof Pro-IL-1βgreater than6weredeterminedashighexpression;
others were considered as low expression. Student’s t-test (two-tailed) to compare
the difference between two groups of data. One way ANOVA to compare the dif-
ferencebetween three ormoregroupsof data. These experimentswere repeated at
least biological triplicate. Data were presented as the means ± SD. **, P <0.01; ***,
P <0.001. Exact P values and raw data were provided in the Source Data file.
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To rule out the possibility that phenotype changes induced by
loss or gain of Pro-IL-1β is due to alterationofmature IL-1β, wemeasure
the extracellular secreted IL-1β levels by ELISA. As shown in Supple-
mentary Fig. S7A, B, silencing Pro-IL-1β resulted in reduction of
secreted IL-1β levels from approximate 5 pg/mL to 3 pg/mL in HK1,
FaDu, and BxPC3 cells, overexpression of WT Pro-IL-1β led to about
onefold increase of secreted IL-1β levels, overexpression of non-

cleavable Pro-IL-1β did not affect the level of secreted IL-1β. Supple-
ment of recombinant mature IL-1β (rIL-1β) (10 pg/mL) failed to rescue
the migrative or invasive phenotype of Pro-IL-1β-silenced SCC cells
(Supplementary Fig. S7C). Similarly, supplement excessive IL1RA
(100ng/mL), an antagonize of mature IL-1β, did not affect the migra-
tive or invasive phenotype of SCC cells within Pro-IL-1β or non-
cleavable Pro-IL-1β overexpression (Supplementary Fig. S7D, E). Since
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mature IL-1β at concentration of 1–10 ng/mL has been shown to sti-
mulate tumor cells migration and invasion in previous studies47,48, we
considered that the effect of mature IL-1β on tumor cell migration and
invasion is dose-dependent. So, we treated SCC cells with various
concentration of rIL-1β. The results showed that when the concentra-
tion increase to 500 pg/mL, rIL-1β indeed stimulated themigration and
invasion of SCC cells in vitro, but did not the case when concentration
is less than 500pg/mL (Supplementary Fig. S8), suggesting that the
promotive function of IL-1β in cancer migration and invasion require a
relative high concentration. This could explain why adding 10 pg/mL
rIL-1β failed to rescue the invasive phenotype of Pro-IL-1β-silenced SCC
cells, indicating that inhibition of migration and invasion of SCC cells
by silencing Pro-IL-1β is caused by loss of Pro-IL-1β, rather than
decrease of secreted IL-1β.

We further established Pro-IL-1β knockout cell models by CRISPR/
Cas9 approach (Supplementary Fig. S9A), then we introduced non-
cleavable Pro-IL-1β (mtIL1B) or mature IL-1β into these knockout cells
by lentivirus expression system (Supplementary Fig. S9B, C). CCK−8
assays and colony formation assays demonstrated that knockout of
Pro-IL-1β did not affect the proliferation and survival (Supplementary
Fig. S9D, E). Wound healing assays and Transwell assays indicated that
knockout of Pro-IL-1β severely impaired the migrative and invasive
potential of HK1 and FaDu cells. Re-expression of non-cleavable Pro-IL-
1β (mtIL1B) efficiently rescued the migrative and invasive potential of
Pro-IL-1β knockout cells, but re-expression of mature IL-1β within an
extracellular concentrationof approximate 200pg/mL failed to rescue
the invasive phenotype of Pro-IL-1β knockout cells (Fig. 2B and Sup-
plementary Fig. S10A, B), confirming that tumoral Pro-IL-1β exerts a
cell-autonomous function to promote SCC cells migration and
invasion.

Pro-IL-1β promotes HNSCC cells metastasis in vivo
We then measured the impact of Pro-IL-1β on tumorigenicity and
metastasis in vivo. Subcutaneous xenograft tumor formation assays
showed that stable silencing Pro-IL-1β did not affect xenograft tumor
growth in nude mice (Supplementary Fig. S11A–C). Subcutaneous
implantation of HK1 and FaDu cell lines in nude mice did not generate
spontaneous metastases during the 8-week experimental observation
period, which is consistent with the characteristics of this model. The
tumor cell lines used in this experiment are difficult to metastasize
under subcutaneous transplantation conditions. We have also con-
structed subcutaneous transplantation tumor models of SCC cells,
such as HK1 in nude mice, and no distant spontaneous metastasis of
tumor cells was observed during the experimental period of up to
20 weeks (data not shown). Additionally, in the subcutaneous xeno-
graft models (HK1, FaDu) of this study, we observed no local invasion
into adjacent muscle or connective tissues, consistent with extensive
literature demonstrating that standard subcutaneous xenograft mod-
els of HNSCC typically fail to recapitulate local invasion and distant
metastasis phenotypes49,50. As these conventional xenograft models
are primarily utilized for evaluating primary tumor growth, their
microenvironment appears insufficient to support the complex bio-
logical processes drivingHNSCC invasion and spontaneousmetastasis.

All metastatic conclusions in this study are therefore derived from
controlled experimental metastasis assays (tail vein—lung metastasis
model and tongue—lymph node metastasis model).

By using the tail vein injection metastasis model, we found that
the body weight of nude mice inoculated with Pro-IL-1β-deficient HK1
and FaDu cells during the experimental cycle was higher than that of
nude mice inoculated with control cells, and the body weight of nude
mice inoculated with HK1 cells within overexpression of WT Pro-IL-1β
or non-cleavable Pro-IL-1β significantly decreased during the experi-
mental cycle as compared to the control group (Fig. 2C). The gross
anatomy structure of the nude mice’s lung showed there were less
metastatic nodules on the surface of lung from nude mice inoculated
with Pro-IL-1β knockdown cells. In contrast, there were more meta-
static nodules at the surface of lung from nude mice inoculated with
cells within WT Pro-IL-1β or non-cleavable Pro-IL-1β overexpression
(Supplementary Fig. S11D, E). Microscopic examination further
demonstrated there were less metastatic tumor nodules in the lung
tissues from nude mice inoculated with Pro-IL-1β knockdown cells,
whereas there weremoremetastatic tumor nodules in the lung tissues
from nude mice inoculated with cells within WT Pro-IL-1β or non-
cleavable Pro-IL-1β overexpression (Fig. 2D). This indicated that Pro-IL-
1β enhanced tumor cell survival and outgrowth at distant sites in vivo.

By using an orthotopic transplantation model51, SCC cells were
inoculated into the tongue, and tumor metastasis was evaluated
through in vivo imaging system monitoring combined with cervical
lymph node dissection analysis. Our findings showed that altered Pro-
IL-1β expression exerted little effect on the growth of primary tongue
tumors (Supplementary Fig. S12A). In vivo imaging revealed that
overexpression of WT Pro-IL-1β or uncleavable Pro-IL-1β significantly
promoted cervical lymph nodemetastasis, whereas silencing Pro-IL-1β
inhibited lymph node metastasis (Fig. 2E). The nude mice inoculated
with WT Pro-IL-1β or uncleavable Pro-IL-1β-overexpressing cells
exhibited a significant increase in size of cervical lymph nodes, and
anti-Pan-CK staining confirmed an increase in metastatic tumor cells
within the cervical lymph nodes of nudemice inoculated withWT Pro-
IL-1β or uncleavable Pro-IL-1β-overexpressing cells. Conversely,
inoculation with Pro-IL-1β-deficient cells produced the opposite effect
(Supplementary Fig. S12B). Thus, our data suggested that high
expression of Pro-IL-1β promotes tumor metastasis in vivo.

Pro-IL-1β induces actin cytoskeleton remodeling via activation
of RhoA-ROCK signaling
Shape characteristics of cancer cells is linked with invasiveness and
can be an indicator of metastatic potential52. We employed scanning
electron microscope (SEM) to observe the surface morphology of
tumor cells upon loss or gain of Pro-IL-1β. The data showed that
stable silencing Pro-IL-1β led to alteration of SCC cell surface, which
characterized by fewer burr-like protrusions on the surface and
pseudopodia formation. In contrast, overexpression of either WT
Pro-IL-1β or non-cleavable Pro-IL-1β facilitated pseudopodia forma-
tion and burr-like protrusions on the surface (Fig. 3A and Supple-
mentary Fig. S13A). Since cellular protrusions and pseudopodia
formation is linked with actin cytoskeleton remodeling29,30, we

Fig. 2 | Pro-IL-1β enhances HNSCC cells invasion and metastasis in a cytokine-
independent manner. A the migration and invasion ability of Pro-IL-1β was
assessed in cancer cells after overexpression or knockdown of Pro-IL-1β by Trans-
well chamber without or with Matrigel. n = 3 biologically independent samples.
B themigration and invasion of Pro-IL-1β-knockout HK1 and FaDuweredetected by
Transwell chamberwithout orwithMatrigel after re-overexpression ofmtIL1Bor IL-
1β treatment. NCNegative control.n = 3 biologically independent samples.C body
weight change curve of nudemice injected with cancer cells.D lung tissue sections
were stained by H&E and anti-Pan-CK. Metastatic nodules in lung tissue sections
were counted under microscope (bottom), each point in the statistical graph
represents the total number of lung metastatic nodules count from one mouse

(n = 5 mice per group). Pan-CK was used as a tumor marker. Scale bar = 100μm.
E Representative bioluminescence images of nude mice captured using the IVIS
system at 10 and 30 days after tumor cell injection (Top). The bioluminescence
signals of primary tumors (tongue) and metastatic tumors (cervical lymph nodes)
of nude mice in each group were quantified using the in vivo imaging system
(Bottom). n = 3 mice per group. Student’s t-test (two-tailed) to compare the dif-
ference between two groups of data. One way ANOVA to compare the difference
between three or more groups of data. These experiments were biologically
repeated at least three times with similar results. Data were presented as the
means ± SD. *, P <0.05; **, P <0.01; ***, P <0.001; ns non-significant. Exact P values
and raw data were provided in the Source Data file.
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visualized F-actin cytoskeleton structure by immunofluorescence
with phalloidin-labeled F-actin. As shown in Fig. 3B and Supple-
mentary Fig. S13B, there were abundant F-actin rich filopodia at the
surface of control tumor cells, whereas loss of Pro-IL-1β resulted in
fewer F-actin rich filopodia. In contrast, overexpression of either WT
or non-cleavable Pro-IL-1β promoted polymerization of F-actin and
formation of F-actin rich filopodia.

We thanaskedwhichRhoGTPase is involved in theprocess of Pro-
IL-1βmediated cytoskeleton remodeling. As shown in Fig. 3C, silencing
Pro-IL-1β resulted in reduction of active RhoA in cancer cells, without
affecting the activation of RAC1 or CDC42. In contrast, overexpression
of either WT Pro-IL-1β or non-cleavable Pro-IL-1β promoted the acti-
vation of RhoA but did not affect the activation of RAC1 or CDC42.
Immunofluorescence assays demonstrated that overexpression of
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either WT Pro-IL-1β or non-cleavable Pro-IL-1β promoted membrane
localization of RhoA in HK1, C666-1, and BxPC3 cells (Fig. 3D and
Supplementary Fig. S13C, D), further indicating that Pro-IL-1β pro-
motes the activation of RhoA, since active RhoAmainly localizes at the
plasma membrane53. We then treated Pro-IL-1β overexpressing cancer
cells with Y27632, an inhibitor of ROCK1/2, or Cytochalasin B (CytB), a
cell-permeable fungal toxin/mycotoxin that disrupt actin filaments. As
shown in Fig. 3E and Supplementary Fig. S14, treatmentwith Y27632 or
Cytochalasin B reduced F-actin rich filopodia structures and poly-
merization of F-actin in Pro-IL-1β overexpressing cancer cells. Fur-
thermore, the results of silencing ROCK1 or ROCK2 by siRNA showed
that both could significantly reverse the F-actin polymerization and
pseudopod filamentous structure of cancer cells induced by Pro-IL-1β
overexpression (Supplementary Fig. S15). Functionally, treatment with
Y27632 or Cytochalasin B abolished the promotive effects on migra-
tion and invasion induced by overexpression of WT or non-cleavable
Pro-IL-1β (Fig. 3F, G and Supplementary Fig. S16). Thus, our data sug-
gested that constitutive expression of Pro-IL-1β enhanced tumor cells
migration and invasion in vitro via activation of RhoA-ROCK signaling.

Pro-IL-1β bindswith and stabilizes RACK1 protein inHNSCC cells
Co-immunoprecipitation assays indicated that Pro-IL-1β did not inter-
act with RhoA protein in HK1 and BxPC3 cells (Supplementary
Fig. S17A). We then employed a proximity biotinylation-based BioID
strategy54 to identify Pro-IL-1β interaction partners in cells (Supple-
mentary Fig. S17B). As shown in Supplementary Fig. S17C, D, BirA*-
fusedPro-IL-1βwas successfully expressed inhumanembryonic kidney
(HEK) 293 T cells and induced cellular proteins biotinylation in the
presence of exogenous biotin. We identified several differentially
biotinylated proteins from two round BioID screening (Supplementary
Fig. S17E and Supplementary Data 1). Among these proteins, RACK1 is
known to be a regulator of RhoA in breast cancer42. Molecular docking
suggested that Pro-IL-1β coulddirectly bind to RACK1 protein (Fig. 4A).
Co-immunoprecipitation assays demonstrated that the endogenous
Pro-IL-1β and RACK1 proteins bind with each other in HK1 and BxPC3
cells (Fig. 4B). Immunofluorescence assays showed that Pro-IL-1β
protein co-localized with RACK1 in tumor cells (Fig. 4C and Supple-
mentary Fig. S17F). Although neither the C-terminal mature IL-1β nor
the N-terminal could bind with RACK1 alone, the intermediate frag-
ment containing the cleavage site and the full-length Pro-IL-1β protein
bound with RACK1 protein. We failed to detect the N-terminal of Pro-
IL-1β protein in plasmid-transfected cells, which may be due to rapid
degradation since N-terminal of Pro-IL-1β protein is highly unstable55

(Fig. 4D and Supplementary Fig. S17G). Neither loss of Pro-IL-1β nor
gain of Pro-IL-1β affect the mRNA levels of RACK1 in SCC cells (Sup-
plementary Fig. S18A). However, loss of Pro-IL-1β resulted in decrease
of the protein levels of RACK1 in SCC cells, whereas overexpression of
eitherWTor non-cleavable Pro-IL-1β exerted opposite effect on RACK1
protein levels (Fig. 4E and Supplementary Fig. S18B). Pulse-chase
assays indicated that silencing Pro-IL-1β shortened the half-life of
RACK1 proteins. In contrast, overexpression of Pro-IL-1βprolonged the
half-life of RACK1 proteins in HK1 and BxPC3 cells (Supplementary
Fig. S18C). The proteasome inhibitor MG132 rescued the levels of

RACK1 protein in Pro-IL-1β deficient cancer cells. Treatment with
autophagy inhibitor 3-Methyladenine (3-MA) failed to rescue the pro-
tein levels of RACK1 protein in Pro-IL-1β deficient cancer cells (Fig. 4F
and Supplementary Fig. S18D, E). As expected, silencing Pro-IL-1β led
to increaseof ubiquitinated RACK1 proteins in cancer cells (Fig. 4G and
Supplementary Fig. S18F). Thus, our data suggested that loss of Pro-IL-
1β accelerated the proteasomal degradation of RACK1 protein. It has
been shown that UBE2T mediates ubiquitination-proteasomal degra-
dation of RACK1 protein in cancer cells56,57. Pro-IL-1β did not affect the
protein levels of UBE2T in cancer cells (Supplementary Fig. S19A). Co-
immunoprecipitation assays showed that loss of Pro-IL-1β facilitated
the interaction between RACK1 and UBE2T. However, overexpression
of Pro-IL-1β prevented the interaction between RACK1 and UBE2T
(Fig. 4H and Supplementary Fig. S19B). We silenced UBE2T by siRNAs
and found that depletion of UBE2T resulted in recovery of RACK1
protein levels in Pro-IL-1β-silenced cells (Fig. 4I and Supplementary
Fig. S19C). In vitro ubiquitination assay confirmed that Pro-IL-1β pre-
vented UBE2T-mediated ubiquitination of RACK1 (Fig. 4J). Western
blot assays showed that the protein levels of RACK1 protein were
higher in SCC samples within high expression level of Pro-IL-1β protein
(Fig. 4K). Immunohistochemical staining also indicated that the pro-
tein levels of RACK1 were positively correlated with the protein levels
of Pro-IL-1β in HNSCC tissue samples (Fig. 4L and Supplementary
Fig. S19D). Thus, our data suggested that Pro-IL-1β binds to RACK1
protein and prevents UBE2T-mediated ubiquitination-proteasomal
degradation of RACK1 protein in HNSCC.

Stabilization of RACK1 protein contributes to RhoA activation
and metastasis induced by Pro-IL-1β
We silenced RACK1 expression by shRNAs in HK1, FaDu, and BxPC3
cells (Supplementary Fig. S20A–C). Stable silence of RACK1 did not
affect the expression level of Pro-IL-1β protein and release of IL-1β in
cancer cells (Supplementary Fig. S20C, D). Stable silence of RACK1
reduced the levels of active RhoA in HK1, FaDu, and BxPC3 cells
(Fig. 5A). As expected, inhibition of RACK1 inhibited polymerization
of F-actin and reduced F-actin rich filopodia at the surface of tumor
cells (Supplementary Fig. S20E), confirming the regulatory role of
RACK1 in RhoA signaling and cytoskeleton remodeling. Co-
immunoprecipitation assays revealed that silence of Pro-IL-1β atte-
nuated RACK1 protein binding to RhoA, whereas overexpression of
WT or non-cleavable Pro-IL-1β exerted opposite effect (Fig. 5B, C).
Depletion of RACK1 by siRNAs resulted in reduction of active RhoA
levels in WT or non-cleavable Pro-IL-1β overexpressing tumor cells,
whereas overexpression of RACK1 in Pro-IL-1β silenced cancer cells
rescued the active RhoA levels (Fig. 5D, E and Supplementary
Fig. S20F, G). Consequently, depletion of RACK1 abolished the pro-
motive effect of Pro-IL-1β on F-actin rich filopodia structures and
polymerization of F-actin in HK1, C666-1, and BxPC3 cells (Fig. 5F and
Supplementary Fig. S21A). Functionally, depletion of RACK1 atte-
nuated the migration and invasion of WT or non-cleavable Pro-IL-1β
overexpressing tumor cells in vitro (Fig. 5G and Supplementary
Fig. S21B), but did not affect proliferation and survival of these cells
(Supplementary Fig. S22).

Fig. 3 | High expression of Pro-IL-1β induces cytoskeletal remodeling through
activation of RhoA/ROCK signaling. A effect of Pro-IL-1β on the surface mor-
phology of HK1 cells was visualized by scanning electron microscopy. B effect of
Pro-IL-1β on F-actin skeleton was visualized by immunofluorescence with
phalloidin-labeled F-actin in HK1 cells. DAPI: blue; F-actin: green; Scale bar = 20μm.
C the effects of Pro-IL-1β on Rho GTPases were determined by Rho GTPase activity
assays. GTP-RhoA/Rac1/CDC42 and total RhoA/Rac1/CDC42 were detected on
separate gels due to identicalmolecular size, using the same experiment processed
in parallel. Total protein forms serve as the loading control for normalization.
D subcellular distribution of RhoA protein was visualized in HK1 cells by immu-
nofluorescence assay. DAPI: blue; RhoA: red; Scale bar = 10μm. E F-actin skeleton

structures were visualized by phalloidin after Y27632 (10μM for 2 h) and CytB
(0.1mM for 2 h) treatment ofHK1 cells overexpressing Pro-IL-1β. CytB:Cytochalasin
B. DAPI: blue; F-actin: green; Scale bar = 20μm. Fmigrative ability was evaluated by
wound healing assay after Y27632 and CytB treatment of HK1 and BxPC3 cells
overexpressing Pro-IL-1β. n = 3 biologically independent samples. G invasion was
evaluated by Transwell chamber with Matrigel after Y27632 and CytB treatment of
HK1 and BxPC3 cells overexpressing Pro-IL-1β. n = 3 biologically independent
samples. OnewayANOVA to compare thedifferencebetween three ormoregroups
of data. All experiments were repeated three times independently with consistent
results. Data were presented as the means ± SD. ***, P <0.001. Exact P values and
raw data were provided in the Source Data file.
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To further validate the effect of RACK1 on Pro-IL-1β-induced
tumor cell metastasis in vivo, we established animalmodels. By using a
tail vein injection lung metastasis model, we provide evidence that
nude mice injected with either WT or non-cleavable Pro-IL-1β over-
expressing HK1 cells lose body weight during the experiment period.
However, when RACK1 was silenced in these cells, the body weight of
nude mice injected with tumor cells remained stable (Fig. 6A).

Overexpression of WT or non-cleavable Pro-IL-1β in HK1 cells pro-
moted lung metastasis in nude mice, whereas depletion of RACK1
abolished the promotive effect of Pro-IL-1β on lung metastasis in vivo
(Fig. 6B–D and Supplementary Fig. S23A). The expression of Pro-IL-1β
or RACK1 in lung metastatic tumors were measured by immunohis-
tochemical staining (Fig. 6D and Supplementary Fig. S23B). In the
orthotopic transplantation model, we found that overexpression of
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WT or non-cleavable Pro-IL-1β promoted cervical lymph node metas-
tasis through in vivo imaging, while depletion of RACK1 significantly
inhibited lymph node metastasis and reversed the effect of Pro-IL-1β
overexpression (Fig. 6E). Silencing RACK1 significantly attenuated Pro-
IL-1β-induced lymph node enlargement and reduced tumor cell infil-
tration in lymph nodes (Fig. 6F and Supplementary Fig. S23C), without
affecting orthotopic tongue tumor growth in mice (Supplementary
Fig. S23D). Thus, these data indicated that Pro-IL-1β promotes invasion
and metastasis of cancer cells through upregulation of RACK1 protein
in HNSCC cells.

Q3MG targets Pro-IL-1β protein and suppresses metastatic
potential of HNSCC cells
We employed high-throughput virtual screening (HTVS) strategy to
search small molecules that have the potential to bind with Pro-IL-1β
protein. After consecutive SP andXPdocking analysis, we obtained the
top 50 compounds with the highest docking scores (Supplementary
Data 2). In silico docking showed that Q3MG bound to the allosteric
pocket on the surface of IL1B protein (PDB ID: 5R8Q) through hydro-
gen bonding, and the key residues of the pocket were L80/L134/K74/
V132 (Supplementary Fig. S24). We then tested the effect of Q3MG on
Pro-IL-1β expression. Q3MG treatment decreased the levels of endo-
genous Pro-IL-1β proteins in HK1, FaDu, and BxPC3 tumor cells in a
dose- and time- dependent manner (Fig. 7A), without affecting the
mRNA levels and inflammasome activation to secrete IL-1β (Supple-
mentary Fig. S25A, B). After treating SCC cells with lysosomal inhibitor
CQ or proteasome inhibitor MG132, Western blotting results showed
that Q3MG mediated Pro-IL-1β protein degradation through the lyso-
somal pathway, rather than through the proteasomal pathway (Fig. 7B,
Supplementary Fig. S25C). Cellular thermal shift assay (CETSA) further
confirmed the direct interaction between Pro-IL-1β protein and Q3MG
(Fig. 7C and Supplementary Fig. S25D).

As shown in Supplementary Figs. S25E–G and S26A, Q3MG treat-
ment dramatically impaired the migration and invasion of HK1, FaDu,
and BxPC3 cells within Pro-IL-1β expression, without affecting cell
proliferation and survival. However, in the case of Pro-IL-1β knockout
HK1 andFaDucells, Q3MGdid not suppress cellmigration and invasion
(Fig. 7D and Supplementary Fig. S26B), suggesting a Pro-IL-1β-
dependent effect. Treatment with Q3MG effectively prevented
weight loss in nude mice injected with HK1 and FaDu tumor cells
(Fig. 7E) without obvious toxic side effects (Supplementary Fig. S26C).
Importantly, Q3MG treatment effectively reduced the number of lung
metastatic tumor nodules (Fig. 7F and Supplementary Fig. S26D, E).
H&E and IHC staining of paraffin sections of lung tissue showed that

Pro-IL-1β expression signal in Q3MG treatment group was significantly
weakened, and the number and area of lung metastatic lesions were
significantly lower than those in the control group (Fig. 7G).

Discussion
In this study, we unveiled an unrecognized moonlighting function of
Pro-IL-1β to promote cancer invasion and metastasis, a process which
RACK1-RhoA signaling mediated cytoskeleton remodeling was
involved. Degradation of Pro-IL-1β using Q3MG exerted therapeutic
effectiveness against Pro-IL-1β expressing SCC cancer cells in vitro and
in vivo.

Roles of the pro-inflammatory cytokine IL-1β contributing to
tumorigenesis, metastasis, angiogenesis, and immune evasion are well
recognized7. Production of IL-1β requires two signals, namely “prim-
ing” that corresponds to transcription of IL1B gene and cleavage by
proteases. Activation of inflammasome is the most important step
involved in IL-1βmaturation1. Several studies reported that Pro-IL-1β is
highly expressed in HNSCC cells, but the mature IL-1β remains a rela-
tive low level less than 20 pg/mL44,45. This phenomenon is not due to
lack of inflammasome machinery in these cancer cells, because our
data along with other’s observation, showed that activation of NLRP3
inflammasome by LPS plus ATP effectively induced release of mature
IL-1β in HNSCC cells, that means inflammasome machinery is intact in
these cancer cells but remains inactive without stimuli. Therefore, it is
reasonable to consider whether Pro-IL-1β have a cell autonomous role
in tumorcells.Weprovide evidence that depletion of tumoral Pro-IL-1β
impaired tumor cells invasion and metastatic potential, which could
not be recovered by adding physiological level of mature IL-1β
(< 20pg/mL). Overexpression of non-cleavable Pro-IL-1β, which have
a point mutation at the caspase-1, caspase-8 cleavage site promoted
tumor cells invasion in vitro and metastasis in vivo. Thus, the current
studyhighlights a previous unrecognized functionof tumoral Pro-IL-1β
itself, rather than secreted IL-1β, to promote cancer progression. The
current study guarantees more research using genetic animal models
to further verify the biological activities of tumoral Pro-IL-1β in cancer
initiation and progression. However, this study does not negate the
roles ofmature IL-1β in cancer development andprogression. Also, this
study does not speculate on the function of Pro-IL-1β in immune cells,
because Pro-IL-1β is rapidly turned over by ubiquitin-proteasomal
degradation in immune cells to avoid collateral damage58. We found
that the promotive effect of mature IL-1β on tumor cell migration and
invasion is dose-dependent. IL-1β was used up to 1 ng/mL-10 ng/mL in
many in vitro studies during the past decades47,48. In this study, when
the concentration is higher than 500pg/mL, IL-1β do stimulate the

Fig. 4 | Pro-IL-1β binds with and stabilizes RACK1 protein. A the 3D spatial
arrangement between Pro-IL-1β (pink) protein and RACK1 (purple) protein is
shown. Key interacting residues are annotated, with red dashed lines indicating
hydrogen bonds. Numeric labels adjacent to the dashed lines specify hydrogen
bond lengths in angstroms (Å). GLU101, ASP116, and GLU180 on Pro-IL-1β protein
form hydrogen bonds with ARG100 and LYS127 on RACK1 protein. B Co-IP assays
showing the interaction between Pro-IL-1β and RACK1 proteins in HK1 and BxPC3
cells.C representativefluorescenceconfocal images showing co-localization of Pro-
IL-1β with RACK1 proteins in HK1, FaDu, and BxPC3 cells. DAPI: blue; Pro-IL-1β:
green; RACK1: red; Scale bar = 20μm.D the binding of Pro-IL-1βwith RACK1protein
was analyzed by Co-IP assays in HEK293T cells after co-transfection of myc-RACK1
overexpression vector and 3 × Flag-Pro-IL-1β full-length or truncated fragments.
The Input and IP samples derive from the same experiment but were run on dif-
ferent gels due to the large number of samples. Because of their close molecular
size and to ensure optimal antibodyperformance, the immunoblots for Flag-Pro-IL-
1β and RACK1 were also processed on separate membranes. All gels and mem-
branes were processed in parallel under identical conditions. E effect of Pro-IL-1β
on RACK1 protein levels in HK1 cells weremeasured by Western blot. F the protein
levels of RACK1 in loss of Pro-IL-1βHK1 cells uponMG132 (10μM for 8 h) treatment
were determined by Western blot. G the ubiquitination of RACK1 proteins in

HK1 cellswere assessedby immunoprecipitation andWesternblot assay.H effect of
Pro-IL-1β on the interactions between RACK1 with UBE2T protein in HK1 cells were
assessedbyCo-IP assays. I effects of UBE2Ton the protein levels of RACK1 in Pro-IL-
1β silenced HK1 cells were tested by Western blot. J purified RACK1 protein was
subjected to in vitro ubiquitination assay with UBE2T in the ubiquitination reaction
mixture in the absence or presence of Pro-IL-1β, and Western blot using the indi-
cated antibodies. K the expression of Pro-IL-1β and RACK1 proteins in HNSCC
samples were measured by Western blot. The samples derive from the same
experiment, but different gels for Pro-IL-1β, RACK1, and GAPDH were processed in
parallel. L representative images showing the expression of Pro-IL-1β and RACK1
proteins in HNSCC samples were measured by IHC (left). Scale bar = 200μm,
50μm. Pearson correlation analysis was used to verify the correlation between Pro-
IL-1β and RACK1 protein expression levels in HNSCC tissues (right). R2 = 0.806,
P <0.01. These experiments were derived from three biologically independent
repetitions. Each Western blots were reproduced three times with similar results.
Owing to analogous molecular weights, samples for RACK1 protein (36 KDa) and
GAPDH (35 KDa)were run on separate gels but processed inparallel under identical
conditions. The blot for RACK1 protein is derived from the same experiment as that
for GAPDH, but was processed on a separate gel. Exact P values and raw data were
provided in the Source Data file.
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movement and invasion of tumor cells. Though it is difficult to mea-
sure the accurate level of IL-1β in the local extracellular space of
tumor cells in TME, we speculate that when inflammasomes are acti-
vated or cells undergo pyroptosis, local IL-1β may reach high
concentrations.

In this study, we found that the transcription of IL1B in HNSCC
cells under resting status attributes to acquisition of ΔNp63α

dependent SEs. Disruption of SEs by BRD4 inhibitor or CRISPR inter-
ference targeting to ΔNp63α binding sites repressed the mRNA levels
of IL1B and eventually reduced the Pro-IL-1β protein levels in SCC cells.
The ΔNp63α is the predominant isoform of TP63 expressed in epi-
dermal cells and SCC. As a lineage survival oncogene for SCC, ΔNp63α
is highly expressed nearly in all SCC samples. This explains to some
extent why there are high levels of IL1B mRNA and Pro-IL-1β protein
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expression in HNSCC cells even in the unstimulated status. At present,
we cannot infer whether ΔNp63α is involved in the “priming” stage of
transcription of IL1B gene upon inflammatory stimuli. Previous study
reported that ΔNp63α interacts with NF-κB family members to reg-
ulate pro-inflammatory gene expression in HNSCC46. We propose that
active SEs shaped byΔNp63αmay serve as a “pre-priming”mechanism
to orchestrate IL1B transcription program.

By using a proximity biotinylation approach, we identified that
Pro-IL-1β interacts with and stabilizes RACK1 scaffolding protein in
SCC cells. Interestedly, neither the N-terminus of Pro-IL-1β nor the
C-terminal mature IL-1β reserve the ability to bind with RACK1 pro-
tein, suggesting a precursor-specific role. A previous study demon-
strated RACK1 interacts with NLRP3 and NEK7 in macrophage
treated with LPS alone or LPS plus ATP stimulation. Silencing RACK1
attenuates activation of caspase-1 and release of mature IL-1β in
macrophage in response to NLRP3-activating stimuli59. However,
silencing RACK1 did not affect the protein level of Pro-IL-1β and
release of mature IL-1β in resting SCC cells, suggesting the role of
RACK1 in cancer cells is different to that of in macrophage. The
interaction between Pro-IL-1β and RACK1 seem to be not linked to
NLRP3, because HEK293T cells used for proximity biotinylation
screening do not express endogenous NLRP359. RACK1 protein is
overexpressed in OSCC and predicts unfavorable prognosis in
OSCC60–62. Binding with Pro-IL-1β protect RACK1 from UBE2T-
mediated ubiquitination and proteasomal degradation. In OSCC
samples, the level of Pro-IL-1β is positively correlated with that of
RACK1 protein. Thus, high level of tumoral Pro-IL-1β is a cause of
aberrant expression of RACK1 in cancer cells. Upregulation of RACK1
protein promotes migration and invasion in a variety of human
cancers63. As a scaffolding protein, RACK1 promotes the activation
of RhoA/Rho kinase signaling in cancer cells42. We provide evidence
showing that the promotive effects of Pro-IL-1β on RhoA signaling,
F-actin cytoskeleton rearrangement and invasive behaviors were
mediated by RACK1 protein. Therefore, our study uncovered a Pro-
IL-1β/RACK1/RhoA regulatory axis which contributes to acquisition
of invasiveness in cancer.

As a monoclonal neutralizing antibody of mature IL-1β, canaki-
numab achieved glamorous success in immune-related disorders64.
The failure of the CANOPY-1 and 2 trials cast a shadow on the
application of canakinumab for cancer treatment10, which raised
concerns about the effectiveness of secreted IL-1β as a target for
cancer treatment. Previous studies have not recognized the moon-
lighting function of tumoral Pro-IL-1β to assist tumor progression, so
prior to this, no research has attempted to determine whether tar-
geting the intracellular Pro-IL-1β protein have potential as ther-
apeutic strategy for cancer. Compounds for degrading Pro-IL-1β are
also largely unavailable. In fact, drug screening targeting Pro-IL-1β
may provide a direction for anti-tumor therapy. Structure-based
HTVS found that the quercetin derivative Q3MG could bind to Pro-
IL-1β protein. Our data showed that Q3MG accelerated the degra-
dation of Pro-IL-1β protein via the lysosomal pathway without
affecting IL-1β secretion, resulting in a significant inhibitory effect
on tumour cell invasion and metastasis in vitro and in vivo.
Reportedly, baicalein can enhance the interaction between CD274

and LC3 in the form of a molecular “glue,” thereby promoting the
autophagic-lysosomal degradation of CD27465. The promotion of
Pro-IL-1β lysosomal degradation by Q3MG may also function as a
molecular “glue” similar to baicalein, but further verification is
needed. Though our preliminary data could not guarantee the uti-
lization of Q3MG in human cancer treatments, it shed light on the
prospect of intracellular tumoral Pro-IL-1β as a therapeutic target.
Developing small molecule drugs targeted to tumoral Pro-IL-1βmay
be an alternative strategy.

In conclusion, our study uncovers the moonlighting function of
tumoral Pro-IL-1β in promoting HNSCC cell invasion and metastasis.
Pro-IL-1β binds with RACK1 and inhibits UBE2T-mediated RACK1
degradation, thereby activating RhoA and promoting cytoskeletal
remodeling. Targeting Pro-IL-1β by Q3MG, our identified Pro-IL-1β
inhibitor, produced significant anti-metastatic efficacy (Supplemen-
tary Fig. S27). Taken together, Pro-IL-1β is a promising prognostic
factor and therapeutic target for HNSCC patients.

Methods
Ethics approval and consent to participate
This research complies with all relevant ethical regulations. Approval
for the use of clinical samples and informationwasobtained fromeach
patient and the Research Ethics Committee of Central South Uni-
versity. Written informed consent was received prior to patient parti-
cipation. The animal experiments were conducted according to the
protocol approved by the AnimalWelfare Committee of Central South
University.

Patient samples
Ten fresh OSCC samples and matched adjacent normal tissue sam-
ples used for RNA and protein extraction were collected by surgery
from the Department of Oral and Maxillofacial Surgery, The Second
Xiangya Hospital, Central South University, within informed con-
sents obtained from all participants. A cohort comprised 90 for-
malin-fixed, paraffin-embedded HNSCC specimens and 90 adjacent
normal tissue samples was collected from the Department of
Pathology, The Second Xiangya Hospital, Central South University
(Supplementary Data 3). There was no restriction on sex and age in
our study. The usage of tumor samples was approved by the Joint
Ethics Committee of Central South University, and informed con-
sents were obtained for both the research and the reporting/sharing
of individual-level data.

Cell culture and reagents
HK1 (RRID: CVCL_7084), a well differentiated squamous cell carcinoma
cell line from nasopharynx, was maintained in our lab66. FaDu (RRID:
CVCL_1218), a hypopharyngeal carcinoma cell line, was purchased
from the National Infrastructure of Cell Line Resource (Shanghai,
China)67. C666-1 (RRID: CVCL_7949) is an undifferentiated nasophar-
yngeal carcinoma cell line maintained in our lab68. BxPC3 (RRID:
CVCL_0186) is a pancreatic squamous cell carcinoma cell line pur-
chased from the National Infrastructure of Cell Line Resource
(Shanghai, China). All these cells were maintained in RPMI 1640 med-
ium (Gibco, Grand Island, NY, USA) containing 10% fetal bovine serum

Fig. 5 | Pro-IL-1β promotes activation of RhoA signaling and F-actin cytoske-
leton remodeling via stabilizationof RACK1 protein. A effect of RACK1 silencing
on the activation of RhoAwas tested by Rho GTPase activity assays. GTP-RhoA and
total RhoAweredetectedon separate gels due to identicalmolecular size, using the
same lysates processed in parallel. Total RhoA serves as the loading control for
normalization. B, C effect of Pro-IL-1β on the interactions between RACK1 with
RhoA protein in cancer cells were assessed by Co-IP assays. D, E the activation of
RhoA was examined by Rho GTPase activity assays after overexpression or
knockdown of Pro-IL-1β or RACK1. GTP-RhoA and total RhoA were detected on
separate gels due to identicalmolecular size, using the same experiment processed

in parallel. Total RhoA serves as the loading control for normalization. F effect of
RACK1 knockdown on F-actin skeleton was visualized by phalloidin in HK1 cells
overexpressing Pro-IL-1β. Scale bar = 20μm. G the migration and invasive ability of
cancer cells was examined by Transwell chamber without or with Matrigel after
overexpressionof Pro-IL-1βor knockdownofRACK1.n = 3 biologically independent
samples. Student’s t-test (two-tailed) to compare the difference between two
groups of data. ANOVA to compare the differencebetween three ormoregroups of
data. These experiments were repeated three times biologically with consistent
results. Datawerepresented as themeans ± SD. *,P <0.05; **,P <0.01; ***, P <0.001.
Exact P values and raw data were provided in the Source Data file.
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(FBS, Gibco) and 1% penicillin-streptomycin. All cell lines were main-
tained in a humidified atmosphere consisting of 5% CO2 and 95% air at
37 °C. For stable overexpression, Pro-IL-1β, non-cleavable Pro-IL-1β, or
mature IL-1β-expressing lentivirus were introduced into cancer cells
and then the cells were selected by puromycin. Human IL-1RA/IL1RN
Protein (Cat No.10123-HNAE) and Human IL-1β (Cat No.10139-HNAE)
were purchased from Sino Biological, Inc.

Hematoxylin-Eosin staining (H&E) and
immunohistochemistry (IHC)
Tissue sectionswerefirstly heated at65 °C for 2 h and thendewaxedby
xylene. After deparaffinization, tissue sections were serially hydrated.
Nucleus were visualized by hematoxylin solution (Biosharp, Anhui,
China), and then cytoplasm was stained by eosin staining solution
(Biosharp, Anhui, China). For IHC, tissue sections were deparaffinized
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and rehydrated. Antigen retrieval was achieved by boiling tissue sec-
tion in citrate buffer (10mMSodiumCitrate, 0.05% Tween 20, pH 6.0).
After antigen retrieval, tissue sections were blocked with normal goat
serum and then incubated with the primary antibodies overnight at
4 °C. Immuno-staining signal was developed by Horseradish Perox-
idase (HRP) conjugated secondary antibodies and chromogen 3,3′-
diaminobenzidine. Tissue sections were counterstained with hema-
toxylin. Each tissue section was comprehensively evaluated by whole-
slide scanning using the 3DHISTECH Pannoramic SCAN II digital
pathology system. As for IHC scoring criteria: All sections were inde-
pendently scored by two pathologists who were blind to the clin-
icopathological features of the samples. A semi-quantitative scoring
criterion was used for Pro-IL-1β and RACK1 based on the staining
intensity and the proportion of positive cells. When the tissue was not
stained, scoring 0. When the tissue was pale yellow, scoring 1; yellow,
scoring 2; light brown, scoring 3; dark brown, scoring 4. On the other
hand, when less than 10% of cells were positive, scoring 1; 10%–50%
positive, scoring 2; and more than 50% positive, scoring 3. Finally, a
comprehensive score was obtained by multiplying the staining inten-
sity score and the positive ratio score (Supplementary Data 3).

Enzyme-linked immunosorbent assay (ELISA)
The concentration of extracellular IL-1βwasmeasured by using human
IL-1β instant ELISA Kit (Invitrogen) according to the manufacture’s
instruction.

Immunofluorescence (IF) assays
Cells were seeded on glass cover slides to reach 30% confluency and
washed with pre-cold PBS for three times, after which they were fixed
at RT with 4% paraformaldehyde for 30min, and permeabilized with
0.1% Triton ×-100 for 10min. The cells were then blocked with 3% BSA
for 1 h. Primary antibodies were visualized using a secondary antibody
conjugated to Alexa Fluor-492, or -550 (Beyotime, Shanghai, China).
For assays involving actin cytoskeleton staining, cellswere treatedwith
100nM F-actin Phalloidin (Yesen, Shanghai, China) for 30min and
protected from light. Finally, the nucleus was stained with DAPI
(Solarbio, Beijing, China), and the tablet was sealed with an anti-
fluorescent quench agent (Solarbio, Beijing, China) to fluorescence
microscopy observation.

Cell counting kit 8 (CCK8) assay
Cell viability was determined by CCK8 assay kit (TargetMol, Beijing,
China) as described previously69. Briefly, single cell suspension (1 × 103

cells/100μL) was seeded into 96-well plates and allowed to grow. CCK-
8 assays were performed at the indicated time points.

Colony formation assay
Cell survival was assessed by colony formation assay as formerly
described70. Briefly, 1 × 103 cancer cells in 2mL culture medium were
seeded into 6-well plates and allowed to grow for about two weeks.
When the colonies are visible, cells were fixed with 4% paraf-
ormaldehyde and stained with 1% crystal violet. Visible colonies were

then counted and photographed. These assays were performed in
triplicate.

Cell migration and invasion assays
Cell mobility was determined by wound-healing assay. A scratch was
created in confluent monolayer cells by using microtips, then cells
were cultured in medium containing 1% FBS. Images at the beginning
and at indicated intervals during cell migration to close the wound
were captured. Transwell assays were used to evaluate cell migration
and invasion as described previously71,72. Transwell inserts (Corning,
Beijing, China), precoated with or without Matrigel™ Basement Mem-
brane Matrix (BD Biosciences, Beijing, China), were put into 24-well
plates within 700μL culture medium containing 15% FBS. Tumor cells
in serum-freemedium (1 × 104 cells/200μL) were seeded into transwell
inserts and incubated at 37 °C for 24–48h, allowing cells to migrate or
invade across the transwell membrane. Then the cells were fixed with
4% paraformaldehyde. Cells retained in the upper layer of inserts were
carefully removed by cotton swab, whereas cells crossed the transwell
membrane were visualized with crystal violet and counted under a
microscope.

RNA extraction and quantitative real-time polymerase chain
reaction (qRT-PCR)
Extraction of RNA from cultured cells was performed by using TRI-
zol Reagent (Life Technologies) as previously described73,74. DNase I
(Takara, Beijing, China) was used to digest the trace amount of
genomic DNA in cellular RNA samples. Reverse transcription was
performed by using the RevertAid First Strand cDNA Synthesis Kits
(Thermo Fisher Scientific, Beijing, China). qRT-PCR assays were
performed by using SYBR Green reagent (Bimake, Shanghai, China)
and CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad
Laboratories, Richmond, CA, USA). We employed the 2−ΔΔCT method
to assess the relative expression levels of genes. The sequences of
primers used in qRT-PCR assays are provided in Supplemen-
tary Data 4.

Chromatin Immunoprecipitation quantitative real-time PCR
(ChIP-qPCR)
The histone-DNA complexes from HK1 cells were cross-linked with
formaldehyde and fragmented into 200–1000 bp DNA by ultra-
sound. Anti-H3K27ac (active motif; Cat No. 39685), Anti-H3K4me1
(active motif; Cat No. 39635), Anti-MED1 (active motif; Cat No.
61065), Anti-pol II (active motif; Cat No. 61667), were used to pre-
cipitate histone-DNA complexes, within normal human immu-
noglobulin G (IgG) as negative control. The DNA fragments were
isolated from the precipitate and were detected by qRT-PCR with
specific Primers.

siRNA, shRNA, and gene transfection
The siRNAs targeted to TP63, RACK1, and UBE2Twere purchased from
GenePharma (Shanghai, China). Transfection of siRNAs into cancer
cells were performed by using Lipofectamine RNAiMAX (Invitrogen,

Fig. 6 | Pro-IL-1β promotes metastasis of cancer cells via RACK1. A body weight
change curve of nude mice injected with HK1 cells treated with Pro-IL-1β over-
expression or RACK1 knockdown (n = 5 mice per group). B the gross view of lungs
from mice injected with HK1 cells in each group at the end point of experiment
(n = 5 mice per group). C the number of metastatic nodules at lung surface was
counted for each group (n = 5 mice per group). D representative images of H&E
staining of metastatic lung nodules and the expression of Pro-IL-1β, RACK1, and
Pan-CK by IHC assays (left), Pan-CK is used as a tumor marker. Scale bar = 100μm.
Metastatic nodules in H&E-stained lung tissue sections were counted under
microscope (right), each point in the statistical graph represents the total number
of lung metastatic nodules count from one mouse (n = 5 mice per group). E BLI
showed that silencing RACK1 significantly attenuated the promoting effect of Pro-

IL-1β overexpression on lymph node metastasis in mice. Top, representative bio-
luminescence images of nude mice captured using the IVIS system at 10 and
30 days after tumor cell injection. Bottom, the bioluminescence signals of primary
tumors (tongue) and metastatic tumors (cervical lymph nodes) of nude mice in
each groupwerequantifiedusing the in vivo imaging system (n = 3miceper group).
F images of cervical lymph nodes of nudemice injected with HK1 cells treated with
Pro-IL-1β overexpression or RACK1 knockdown from the orthotopic metastasis
model. Bottom panel, quantification of lymph node volume (n = 5mice per group).
ANOVA to compare the difference between three or more groups of data. These
experiments were repeated at least biological triplicate. Data were presented as the
means ± SD. *, P <0.05; **, P <0.01; ***, P <0.001. Exact P values and raw data were
provided in the Source Data file.
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Carlsbad, CA) according to the manufacturer’s instructions. Transfec-
tion of plasmids into cancer cells was performed by using Lipofecta-
mine 3000 Reagent (Invitrogen) according to the manufacture’s
protocols. Stable inhibition was achieved by infecting cancer cells with
shRNAs expressing lentivirus and then selected by puromycin.
Sequences of siRNAs or shRNAs used in this study were listed in Sup-
plementary Data 5.

Western blot analysis
Western blot analysis was utilized tomeasure the expression levels of
cellular proteins75. Cell lysates were prepared by using RIPA buffer
(Beyotime, Jiangsu, China) containing protease inhibitor cocktail
(Roche Applied Science, USA). Proteins separation was accomplished
by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). Proteins were transferred from gel to PVDF membranes
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(Millipore, Billerica, MA), and then the PVDF membranes were
blocked by incubation with 5% non-fat milk for 1.5 h. Incubation of
primary antibodies was performed at 4 °C overnight. After washing
with four times with PBS, the PVDF membranes were incubated with
a secondary antibody coupled to HRP for 1 h. Chemiluminescent
signal were developed by using enhanced chemiluminescent sub-
strates (Thermo Fischer Scientific, Waltham, MA, USA) and recorded
by ChampChemi500 system (Sagecreation, Beijing, China). The
information of antibodies used in this article were provided in Sup-
plementary Data 6.

Affinity capture of biotinylated proteins and protein identifica-
tion by mass spectrometry
For BirA* proximity-labeling experiments, the full-length cDNA
encoding for human Pro-IL-1β was cloned in frame 5′ of myc-BirA* in
the plasmid PB510-mycBioID, creating plasmid PB510-Pro-IL-1β-
mycBioID. HEK293T (RRID: CVCL_0063) cells were transfected with
PB510-Pro-IL-1β-mycBioID using the polyethylenimine transfection
reagent according to the manufacturer’s instructions (Polysciences,
Inc., Beijing, China). Stable transfectants were established by
selecting with puromycin. HEK293T cells stably transfected with
PB510-mycBioID was used as control. Cells were incubated with
50 μM biotin for 24 h, then the cells were harvested, lysed. Biotiny-
lated proteins were captured by streptavidin-conjugated beads as
described previously54. The beads were washed with PBS four times,
the bound proteins were eluted by boiling in the SDS-containing
sample buffer and separated by SDS-PAGE. 10% of the sample was
used for immunoblotting. Separated proteins were visualized by
Coomassie Blue staining. The whole gel lanes were submitted to in-
gel trypsin digestion and LC-MS/MS analysis at the Shanghai
Zhongke New Life Biological Technology. The raw proteomics data
have been deposited to the ProteomeXchange Consortium (https://
proteomecentral.proteomexchange.org) via the iProX partner
repository76,77 with the dataset identifier PXD061201.

Co-immunoprecipitation (Co-IP)
Co-immunoprecipitation was performed as described previously14.
Cancer cells were lysed with immunoprecipitation buffer
(20mM Tris, pH 7.5, 150mM NaCl, 1% Triton ×-100) containing
protease inhibitor cocktail (Roche Applied Science, USA). After
centrifugation at 15,000 × g, the supernatant was incubated with
primary antibodies and protein A/G agarose beads (Sigma) at 4 °C
overnight. The beads were washed with PBS solution four times,
boiled in SDS-PAGE sample buffer, and then subjected to Western
blot analysis.

In vitro ubiquitylation assay
In vitro ubiquitination assays were performed as previously
described56,78. Briefly, purified RACK1 (12498-H10E, sinobiological) and
UBE2T (12440-H08E, sinobiological) were incubated together at 37 °C
for 2 h in the presence or absence of Pro-IL-1β (10139-H07E, sinobio-
logical) protein, along with E1 (UBA1, 11990-H20B, sinobiological),

Ubiquitin (U06-54N, sinobiological), and ubiquitination buffer (20mM
Tris-HCl, pH 7.5, 5mM MgCl2, 0.5mM DTT, 4mM ATP). The reaction
was terminated by adding loading buffer and boiling for 5–10min,
followed by SDS-PAGE and Western blot analysis.

Scanning electron microscope (SEM)
The surface morphologies of the tumor cells were observed by the
Hitachi SEM S-3400N (Hitachi Ltd., Tokyo, Japan). For SEM, cells
were seeded on glass cover slides to reach 70%–80% confluency and
fixed in 2.5% glutaraldehyde solution overnight. After that, the
samples were postfixed in 1% osmic acid solution, dehydrated in
different concentrations of acetone, and then infiltrated using iso-
amyl acetate. Probes were prepared with the Critical Point Dryer
(Hitachi Ltd., Tokyo, Japan) and EIKO IB-3 gold coating (Hitachi Ltd.,
Tokyo, Japan).

Rho GTPase activity assay
The GTPase pull-down assay was performed using the Rho Activation
Assay Kit (EMD Millipore Corporation, Temecula, CA, USA) or Rac/
cdc42 Assay Reagent (EMDMillipore Corporation, Temecula, CA, USA)
according to the manufacturer’s protocol. Briefly, tumor cells were
cultured to approximately 80%–90% confluence in 100mm plates.
Mg2+ containing lysate buffer (125mMHEPES, pH7.5, 750mMNaCl, 5%
lgepal CA-630, 50mM MgCl2, 5mM EDTA, and 10% glycerol) was
incubated together with agarose coupled to the Rhotekin Rho binding
domain or incubated with agarose coupled to the Rac/Cdc42 (p21)
binding domain (PBD) of PAK1 protein. After washing, the bound
GTPase is eluted from the glutathione resin by the GST-fusion protein.
Precipitated GTP-bound Rho or GTP-bound Rac1 and Cdc42 was sub-
jected to the Western blot procedure described above.

CRISPR/Cas9-mediated enhancer repression
Enhancer repression was achieved by dCas9-KRAB based CRISPR
interference as described previously79,80. Firstly, dCas9-KRAB was sta-
bly introduced into HK1 cells by lentivirus. HK1 cells expressing dCas9-
KRAB cells were then infected with lentivirus containing sgRNAs tar-
geted to TP63 binding sites on IL1B SEs. The sequences of sgRNAs used
in this study were listed in Supplementary Data 5.

Protein-protein docking
The sequences of Pro-IL-1β protein and RACK1 protein were obtained
from the Uniprot database. HDOCK server (Template-Free) (RRID:
SCR_024799, http://hdock.phys.hust.edu.cn/) was used for rigid
docking and adjusting the initial conformations of the two proteins.
Subsequently, based on the rigid docking results, RosettaDock
(RRID:SCR_013393) was employed for flexible docking, with the final
models selected using Rosetta’s built-in score module for evaluation.
The overall binding energy of the protein-protein interaction was
analyzed using Rosetta’s Interface_analyzer module. The bonding
interaction between the two proteins was analyzed using LigPlot+
(RRID: SCR_018249). The docked conformations were visualized using
PyMOL (https://pymol.org/2/) (RRID: SCR_000305).

Fig. 7 | Q3MG targets Pro-IL-1β protein and suppresses metastatic potential of
HNSCC cells. A Western blot showed that Q3MG significantly inhibited the
expression of Pro-IL-1β protein in HK1, FaDu, and BxPC3 cells in a dose- and time-
dependent manner. The concentration and time of the drug in the in vitro cell
experiment were finally determined to be 50μM and 24 h. Q3MG: Quercetin 3-O-
(6”-O-malonyl)-β-D-glucoside. B the effect of Q3MG on Pro-IL-1β protein degrada-
tion was detected by Western blot after treatment of HK1, FaDu, and BxPC3 using
CQ.CQChloroquine.CCETSA curves for Pro-IL-1β proteinwith orwithoutQ3MG in
HK1, FaDu, and BxPC3 cell lysates. D the effect of Q3MG on cell migration and
invasion in Pro-IL-1β knockout HK1 and FaDu cells was detected by Transwell
chamber without or with Matrigel. n = 5 biologically independent samples. E body
weight change curve of nudemicewithorwithoutQ3MG treatment in tail vein-lung

metastasis model (n = 5 mice per group). F gross view of lung tissue removed from
nude mice at the end of experiment (n = 5 mice per group), arrows point to
metastatic nodules on the lung surface.G representative images of H&E staining of
metastatic lung nodules and the expression of Pro-IL-1β and Pan-CK by IHC assays,
Pan-CK is used as a tumor marker. Scale bar = 200 μm. On the right, metastatic
nodules in H&E-stained lung tissue sections were counted under microscope (n = 5
mice per group). Student’s t-test (two-tailed) to compare the difference between
two groups of data. One way ANOVA to compare the difference between three or
more groups of data. These experimentswere repeated at least biological triplicate.
Datawerepresentedas themeans ± SD. *,P <0.05; **, P <0.01; ***,P <0.001; ns non-
significant. Exact P values and raw data were provided in the Source Data file.
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High-throughput virtual screening (HTVS)
Structure-based HTVS was performed using Schrödinger Maestro
version 12.8, with the expectation of obtaining small molecule com-
pounds with strong binding to Pro-IL-1β protein. It should be noted
that theC-terminalmature domain (117–269 aa, IL-1β) of Pro-IL-1βhas a
resolved co-crystal structure (PDB ID: 5R8Q) with a small-molecule
ligand, and can be virtually screened based on the ligand-binding
pocket occupied by Z2643472210 in the mature domain. Therefore,
subsequent screening and prediction were performed using the key
structural domain (117–269 aa) of the full-length protein, with the
ultimate goal of identifying high-affinity small-moleculebinders of Pro-
IL-1β.

Protein preparation: The three-dimensional (3D) structure of
Human IL1B (PDB ID: 5R8Q) was downloaded from the RCSB PDB
database. Protein Preparation Wizard module was used to protonate
the protein, delete water molecules and SO42−, retain the A chain and
the small molecule JGY (i.e., Z2643472210) binding pocket, and per-
form energy optimization (OPLS2005 force field, RMSD of 0.30Å).
Receptor Grid Generation module was then used to create a grid file,
with the pocket occupied by Z2643472210 set as the grid center (box
size: 20 Å × 20Å × 20Å). Compound preparation: Compound library
HY-L001 (MCE Bioactive Compound Library Plus, containing 19.1 K
compounds) was processed for protonation and energy optimisation
by LigPrep Module of Schrödinger to output 3D structures. Molecular
docking: These optimized compounds were then subjected to Virtual
Screening Workflow module, and the Glide module is used for mole-
cular docking, that is, the receptor and ligand molecules are docked
with each other through geometric matching and energy matching.
Firstly, compoundswere screened inGlideHTVSmode, where the top-
scored 15% compounds were subjected to Glide Standard Precision
(SP) docking. Subsequently, the top 15% from Glide SP were selected
for further screening using Glide Extra Precision (XP), and the top 50
compounds with the highest absolute docking scores were output as
candidate molecules (Supplementary Data 2). An SDF file containing
the top 50 compounds has been uploaded as supplementary data
(SupplementaryData 7). Thehigher the absolute valueof thepredicted
docking score, the stronger the binding affinity. Maestro
(RRID:SCR_016748) and PyMOL were used for visualization analysis.

Cellular thermal shift assay (CETSA)
The binding of Q3MG to Pro-IL-1β was verified using the CESTA81,82.
CETSA was performed as previously described83,84. Briefly, soluble
protein lysates from HK1, FaDu, and BxPC3 cells were aliquoted into
PCR tubes and treated with Q3MG (250μmol/L) or DMSO for 1 h at
room temperature before the CETSA heat pulse. The solution was
heated at the indicated temperature (37–73 °C) for 3min and then
cooled at 4 °C for 3min. After centrifugation for 20min (20,000× g,
4 °C), the soluble supernatant was subjected to Western blot analysis.

Animal experiments
Mice (BALB/c nude, Female, 4–6 weeks old) were obtained by the
Department of Experimental Animals of Central South University.
Xenograft tumor formation assays were performed as described
previously85. Single cell suspensions (1.0 × 106 cells/200μL) were sub-
cutaneously inoculated into nude mice. Xenograft tumor volumes
were measured and recorded weekly. Mice were euthanized once the
primary tumor measured a maximal size of 2 cm in at least one
dimension.Maximal tumor sizewas not exceeded in this study. For the
tail vein metastasis model, tumor cells suspensions (1.0 × 106 cells/
200μL) were injected into nudemice via the tail vein. The bodyweight
of nude mice injected with tumor cells were recorded weekly. Mice
were euthanized if significant body weight loss (>20% of initial body
weight) occurred in metastasis model. No animals reached this weight
loss threshold in the study. Lungs and othermain organs were isolated
from themice.Metastatic nodules at the surfaceof lungwere observed

and photographed. Tissues were then fixed in 4% formalin and
embedded in paraffin. Lung sections are then sliced from paraffin-
embedded lungs for H&E and other histologic staining. Metastatic
nodules in each lung sectionwere carefully examined and counted. 20
non-consecutive sections (spaced at 30–50μm intervals) were ana-
lyzed for each mice to represent the overall heterogeneity (covering
the entire lung), and each section systematically scanned the entire
lung area and finally performed counting analysis. For Q3MG treat-
ment, PBS or 15mg/kg Q3MG was administered intravenously every
2 days starting on week 2–3 after tumor cell injection for a total of 7
times. For the orthotopic metastasis model51, tumor cell suspensions
(1.0 × 106 cells/50μL) were injected into the middle-posterior dorsal
tongue, and nude mice were sacrificed 30 days later to obtain cervical
lymph nodes for tumor metastasis assessment, statistics, and staining.
To observe the size of primary tumors in the tongue and metastatic
tumors in the cervical lymph nodes, bioluminescence imaging (BLI)
was performed after intraperitoneal injection of D-luciferin and mea-
sured using the Xenogen IVIS Spectrum Living Imaging System (Per-
kinElmer). BLI data were analyzed using Living Image software
(PerkinElmer). Animals were euthanized immediately if any of the
following humane endpoint criteria were met: sustained weight loss
>20%, lethargy, inability to access food or water, or any signs of severe
distress. Animal experiments were approved by the Animal Welfare
Committee of Central South University and conducted according to
the guidance.

Statistical analysis
Statistical analysis was performed using the GraphPad Prism 8.0
(RRID:SCR_002798) and SPSS statistical software (RRID: SCR_002865).
Statistical comparisons were analyzed using two-tailed Student’s t-test
for two groups and analysis of variance (ANOVA) for three or more
groups. All experiments were repeated at least biological triplicate.
Data are expressed as mean ± standard deviation from at least three
independent experimental replicates. P-value < 0.05 was considered
statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data generated in this study are available within the article, its
Supplementary Information, and the associated Source Data files.
Source Data are provided with this paper. The raw protein mass
spectrometry data from this study have been deposited in the Pro-
teomeXchange Consortium via the iProX partner repository. The
dataset identifier is PXD061201. Source data are provided with
this paper.
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