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Significance

 While F-box and WD repeat 
domain-containing 7 (FBXW7) is a 
typical tumor suppressor, 
frequently inactivated in human 
cancers, it is unknown whether 
FBXW7 also acts as a tumor 
suppressor via targeting cancer-
associated fibroblasts (CAFs) in 
tumor microenvironment (TME). 
We report here that FBXW7 is 
gradually downregulated in CAFs 
as the progression of human 
pancreatic and lung cancers. 
Hypoxia-mediated 
downregulation of FBXW7 in CAFs 
activates histone lysine 
methyltransferase 2 (KMT2) 
methyltransferase, and 
epigenetically increases the 
secretion of inflammatory signals 
to promote tumor cell migration 
via a paracrine mechanism.
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F-box and WD repeat domain-containing 7 (FBXW7) is a tumor suppressor that tar-
gets various oncoproteins for degradation, but its role in modulating cancer-associated 
fibroblasts (CAFs) in the tumor microenvironment remains elusive. Here, we report 
that FBXW7 expression is gradually downregulated in CAFs during the progression of 
human pancreatic and lung cancers. Mechanically, FBXW7 inhibits histone lysine meth-
yltransferase 2 (KMT2) methyltransferase activity via retinoblastoma binding protein 5 
(RbBP5) binding, whereas FBXW7 depletion abrogates the binding to activate KMT2, 
leading to increased H3K4 methylations and global upregulation of gene expression. 
Activation of the interleukin-17 (IL-17) signaling pathway triggers the secretion of 
cytokines and chemokines to promote migration, invasion, and sphere formation of 
lung cancer cells. Coinjection of Fbxw7-depleted mouse embryonic fibroblasts with 
cancer cells enhances in vivo tumor growth, demonstrating a paracrine effect. Hypoxia 
downregulates CAF FBXW7 via ETS proto-oncogene 1 (ETS1) to increase H3K4 meth-
ylation, whereas conditioned media from hypoxia-exposed CAFs promotes migration 
and invasion of pancreatic cancer cells, highlighting FBXW7’s tumor-suppressing role 
through KMT2 inactivation.

FBXW7 E3 ligase | methyltransferase | epigenetic regulation |  
IL-17 signaling pathway | paracrine effect

 The tumor microenvironment (TME) consists of tumor cells and various types of cells, 
including immune cells [e.g., T cells, macrophages, neutrophils, natural killer (NK) cells, 
and dendritic cells (DCs)], cancer-associatedfibroblasts (CAFs), endothelial cells, and 
pericytes among others ( 1 ). In the TME, cancer cells actively interact with noncancerous 
cells via paracrine signaling by secreted proteins (e.g., cytokines, chemokines, growth 
factors, and proteases) ( 2 ) to maintain a tumor-supportive environment, thus promoting 
tumorigenesis ( 1 ).

 CAFs in the TME are major components of the stroma, which secrete growth factors, 
cytokines, chemokines, and extracellular matrix proteins, such as IL-6, CXCL1, CXCL12, 
and granulocyte-colony stimulating factor (G-CSF), to promote tumor progression ( 3 , 
 4 ). Coinjection of CAFs with skin carcinoma cells significantly promotes the growth of 
cancer cells, suggesting a tumor-promoting function of CAFs in vivo ( 5 ). Currently, var-
ious CAF-targeting strategies such as extracellular matrix (ECM)-targeting agents, 
anti-immunosuppressive strategies, and pathway-specific inhibitors, have emerged in 
preclinical and clinical trials for anticancer applications ( 3 ). However, the mechanism by 
which epigenetic regulation within CAFs affects the secretion of inflammatory cytokines 
and chemokines remains elusive.

 F-box and WD repeat domain-containing 7 (FBXW7) is a substrate receptor subunit of 
Cullin-RING ligase-1 (CRL1), also known as SCF (SKP1-Cullin1-F-box protein), com-
posing of a scaffold protein Cullin-1, an adaptor protein SKP1, a RING component RBX1 
or RBX2, and an F-box protein responsible for substrate recognition ( 6 ). Among the 69 
F-box proteins encoded in the human genome, FBXW7 is one of the most well studied ( 7 ). 
The F-box domain of FBXW7 interacts with SKP1 to facilitate the assembly of the SCF 
complex, whereas its C-terminal WD40 domain recognizes and binds to its substrates to 
promote polyubiquitylation via the K48 linkage of its substrates for proteasomal degradation 
( 7 ). Many FBXW7 substrates are classic oncogenic proteins such as c-MYC, NOTCH1, 
c-JUN, and MCL-1 ( 7 ,  8 ). Loss-of-function mutations of FBXW7 are frequently observed 
in human cancers, leading to the accumulation of oncoproteins that promote tumorigenesis 
( 7 ,  8 ). Furthermore, our previous studies showed that FBXW7 could also facilitate nonho-
mologous end-joining via K63-linked polyubiquitylation of XRCC4 ( 9 ), and upon LSD1 
binding, FBXW7 undergoes self-ubiquitylation and degradation as an oncogenic mechanism 
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of LSD1 ( 10 ). In addition, FBXW7 has been shown to play a role 
in the inflammatory response. In a murine model of colitis, mac-
rophage Fbxw7 promoted inflammation by increasing the expres-
sion of Ccl2 and Ccl7 ( 11 ), whereas FBXW7 in DCs also promoted 
inflammation by enhancing IL-23 expression ( 12 ). However, it is 
unknown whether and how FBXW7 regulates inflammation in 
CAFs of the TME to act as a tumor suppressor.

 The histone lysine methyltransferase 2 (KMT2) family is highly 
conserved in eukaryotes, with six members: KMT2A, also known 
as mixed lineage leukemia-1 (MLL1), KMT2B, KMT2C, 
KMT2D, KMT2F, and KMT2G ( 13 ). They all contain a catalytic 
Su(var)3-9, enhancer-of-zeste and trithorax (SET) domain at the 
C-terminus that confers H3K4 methylation ( 14 ). KMT2 proteins 
reside in multisubunit complexes to achieve optimal enzymatic 
activity ( 13 ). The KMT2 core complex components include 
RbBP5 (Retinoblastoma binding protein 5), WD repeat protein 
5 (WDR5), Absent, small, homeotic disks-2-like (ASH2L), and 
DumPY protein 30 (DPY30) ( 15 ,  16 ), and depletion of any of 
these subunits results in reduction of KMT2 activity and overall 
H3K4 methylation in vitro and in cells ( 17   – 19 ).

 Histone H3K4 methylation, catalyzed by KMT2 family, is highly 
enriched at the promoters and enhancers of target genes, which is 
positively associated with high chromatin accessibility and tran-
scription activation ( 13 ). Mutations in KMT2 family members are 
frequently found in various types of cancers, and among these, 
KMT2A is one of the most extensively studied, with chromosomal 
translocation in a significant subset of acute leukemia ( 20 ). 
Inactivation mutations of KMT2D were also been identified in 
different types of human tumors ( 21 ,  22 ). Furthermore, overexpres-
sion of KMT2A and KMT2D has been implicated in tumors with 
gain-of-function mutations of p53, resulting in a genome-wide 
increase of histone H3K4 methylation to promote proliferation of 
breast cancer cells ( 23 ). However, it is unknown whether and how 
FBXW7 interacts with KMT2 in the TME of pancreatic and lung 
cancers, and its biological consequences.

 In this study, we report that FBXW7 serves as a tumor suppressor 
in CAFs, and its expression progressively decreases as the disease 
advances in human pancreatic and lung cancers. Mechanically, 
FBXW7 directly binds to RbBP5 to inactivate KMT2, whereas 
FBXW7 depletion markedly increases H3K4 methylations and 
activates the IL-17 signal, which promotes migration, invasion, and 
sphere formation in lung cancer cells in vitro and promotes tumor 
growth in vivo. Finally, hypoxia in the TME downregulates FBXW7 
via ETS1 induction in pancreatic cancer-derived CAFs to trigger 
H3K4 methylations and promote the migration and invasion of 
pancreatic cancer cells. Collectively, FBXW7 acts as a tumor sup-
pressor in CAFs in a paracrine manner by inactivating KMT2. 

Results

FBXW7 Expression in CAFs Is Progressively Decreased As the 
Diseases Advance in Pancreatic and Lung Cancer Tissues. Previous 
studies of FBXW7 as a tumor suppressor have mainly focused 
on in situ tumor cells per se. To investigate the potential role of 
FBXW7 in regulating the TME, an in-depth analysis of single-cell 
transcriptome datasets from PubMed was conducted in tissues from 
pancreatic cancer (24, 25) and lung cancer (26, 27). Using uniform 
manifold approximation and projection (UMAP) visualization, 
the cell populations in pancreatic cancer tissues were delineated 
into nine distinct clusters with annotations based on specifically 
expressed genes and canonical markers (Fig. 1A and SI Appendix, 
Fig. S1A). Among these clusters, T_NK was subdivided into four 
subclusters: CD4+T, CD8+T, NK, and Treg (Fig. 1A). Subsequent 
analysis of FBXW7 messenger RNA (mRNA) expression across 

different clinical stages revealed a progressive downregulation in 
FBXW7 mRNA, specifically in CAFs, as the disease progressed to 
more malignant stages in pancreatic cancer (Fig. 1B). In contrast, 
FBXW7 mRNA expression in pancreatic cancer tissues from 
other cell clusters, including epithelial, CD4+T, CD8+T, NK, 
Treg, myeloid, endothelial, B_plasma, and erythroid cells, showed 
relatively irregular trends as the disease progressed (Fig. 1 C–H and 
SI Appendix, Fig. S1 C–G). We further analyzed lung cancer tissues, 
where UMAP visualization identified seven distinct cell clusters 
annotated based on gene expression profiles and canonical markers 
(Fig. 1I and SI Appendix, Fig. S1B). Similarly, downregulation of 
FBXW7 mRNA was noted in CAFs as the disease progressed to 
more advanced stages (Fig. 1J), whereas other cell clusters again 
exhibited irregular trends, independent of the disease stages (Fig. 1 
K–P and SI  Appendix, Fig.  S1 H–J). Collectively, progressive 
downregulation, as diseases advanced, of FBXW7 in CAFs suggests 
that CAF FBXW7 could play a tumor-suppressive role in the 
progression of human pancreatic and lung cancers.

FBXW7 Directly Interacts with RbBP5 in the KMT2 Complex. 
Since FBXW7 is progressively reduced in CAFs within the TME 
of the pancreatic and lung cancers as the disease progresses, we 
hypothesized that CAFs with downregulated FBXW7 would 
promote the growth of nearby tumor cells in a paracrine fashion. 
Given FBXW7 is not a transcription factor, we further hypothesized 
that secretory factors, such as cytokines and chemokines, whose 
expression is subjected to epigenetic regulation upon FBXW7 
downregulation, would play a major role in this process. To this end, 
we performed immunoprecipitation (IP)-based pulldown, followed 
by mass spectrometry analysis in HEK293 cells expressing 3xFLAG-
FBXW7 to unbiasedly identify FBXW7 binding proteins with a 
focus on epigenetic regulators (SI Appendix, Fig. S2A). Among 194 
FBXW7 binding candidates (SI Appendix, Table S1), six members of 
the KMT2 complex, including UTX, KMT2D, ASH2L, RbBP5, 
PTIP, and WDR5, were detected, in addition to SCF components 
CUL1 and SKP1, serving as internal positive controls (Fig. 2A).

 We next attempted to confirm FBXW7 binding to most of these 
KMT2 components in multiple cell lines, including HEK293 
( Fig. 2B  ), HCT116 colon cancer, and H1299 lung cancer cells 
(SI Appendix, Fig. S2 B and C ). While FBXW7 binding to these com-
ponents was cell line-dependent (note that FBXW7 binding to 
WDR5 and PTIP was not confirmed in HEK293 cells likely due to 
different sensitivity between two assays), FBXW7–RbBP5 binding 
was detected in all the lines tested ( Fig. 2B   and SI Appendix, Fig. S2 
B and C ). We further confirmed that under physiological conditions, 
endogenous FBXW7 binds to endogenous RbBP5 in human cancer 
cell lines ( Fig. 2C   and SI Appendix, Fig. S2D ), as well as in mouse 
embryonic fibroblasts (MEFs) ( Fig. 2D  ). Furthermore, an in vitro 
pull-down assay with recombinant proteins confirmed the direct bind-
ing of FBXW7 to RbBP5, but not with ASH2L or WDR5 ( Fig. 2E  ). 
Finally, FBXW7 and RbBP5 colocalized in the nucleus in both 
HCT116 and H1299 cells ( Fig. 2F   and SI Appendix, Fig. S2E ).

 Next, we mapped the interaction domains in both FBXW7 and 
RbBP5 by ectopically expressing truncation mutants ( Fig. 2G  ) to pull 
down endogenous partners in HEK293 and HCT116 cells. Both the 
N-terminal fragment (ΔWD40) and C-terminal fragment (WD40) 
of FBXW7 bind to RbBP5 (SI Appendix, Fig. S2 F and G ), whereas 
only the N terminus of RbBP5 (AA 1-344) binds to FBXW7 
(SI Appendix, Fig. S2H ). We further examined the binding domain 
of RbBP5 with either the ΔWD40 or WD40 domain of FBXW7, 
and obtained similar results with the full-length FBXW7 (SI Appendix, 
Fig. S3 A and B ). Collectively, FBXW7 appears to bind to RbBP5 
directly via either the ΔWD40 or the WD40 domain, whereas the 
N-terminus of RbBP5 binds to FBXW7 ( Fig. 2G  ).  
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FBXW7 Does Not Destabilize RbBP5, but Competitively Inhibits 
RbBP5 Binding to Other KMT2 Components. Next, we determined 
whether RbBP5 is a substrate of FBXW7. We first treated cells 
with MLN4924, a small molecule inhibitor of the neddylation 
activating enzyme, which inactivates CRL E3 ligases by blocking 
Cullin neddylation (28). MLN4924 had no effect on the protein 
level of RbBP5, but caused accumulation of NOTCH1 or c-JUN, 
two well-known substrates of FBXW7, serving as the positive 
controls (SI Appendix, Fig. S3 C and D). We next used HCT116 
cells with or without FBXW7 deletion and found that the levels of 
RbBP5, WDR5, ASH2L, and UTX remained unchanged, whereas 

the FBXW7 substrate c-MYC accumulated in FBXW7-null cells 
(Fig. 3A). The unchanged WDR5 level was inconsistent with a 
recent report (29).

 Since a previous study showed that FBXW7 promotes KMT2D 
ubiquitylation and degradation in diffuse large B cell lymphoma 
cells ( 30 ), we also tested KMT2D levels upon FBXW7 silencing. 
Similarly, siRNA-mediated FBXW7 knockdown had no effect on 
RbBP5 and WDR5 levels in the two lung cancer cell lines ( Fig. 3B   
and SI Appendix, Fig. S3E ), nor did it affect KMT2D levels ( Fig. 3 
﻿A  and B  ). The RbBP5 protein level was also unaffected by FBXW7 
overexpression at various doses ( Fig. 3C  ). Finally, the protein 
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half-life of RbBP5, as well as other KMT2 components, including 
WDR5, ASH2L, PTIP, and UTX, were not affected by FBXW7 
overexpression or deletion/depletion in two human cancer cell lines 
(SI Appendix, Fig. S3 F–J ). Taken together, these results clearly 
demonstrate that FBXW7 does not destabilize RbBP5 or the other 
KMT2 components that we examined.

 Since the WD40 propeller domain and activation segment 
(AS) of RbBP5 are important for the activity of the KMT2 
complex ( 31 ), we next determined whether the FBXW7–RbBP5 
interaction interferes with the RbBP5–KMT2 interaction. 
Indeed, FBXW7 overexpression reduced RbBP5 interaction with 
KMT2A or KMT2F in a dose-dependent manner, but did not 
affect binding to other components ( Fig. 3D  ). On the other 
hand, FBXW7 knockdown in HEK293 cells, or Fbxw7 deple-
tion in MEFs, enhanced the binding between RbBP5 and 
KMT2A, KMT2F, PTIP in human cells, or Kmt2a, Kmt2f, Ptip, 
Wdr5 in mouse cells, respectively, but in a cell line-dependent 

manner ( Fig. 3 E  and F  ). These results suggest that FBXW7 acts 
by competitively inhibiting the binding of RbBP5 to the 
KMT2 complex.  

FBXW7 Inhibits KMT2 Methyltransferase Activity. RbBP5 is 
essential for the KMT2 enzymatic activities (15, 16). Given that 
FBXW7 interferes with RbBP5 binding to the KMT2 complex, 
we first tested whether FBXW7 affects the methyltransferase 
activity of KMT2 on histone H3 Lys4 (H3K4). Indeed, FBXW7 
knockdown significantly increased the levels of mono-, di-, and 
tri-methylation of H3K4 (H3K4me1, H3K4me2, and H3K4me3) 
in HEK293 (Fig. 4A), H1299 (SI Appendix, Fig. S4A), and HeLa 
cells (SI Appendix, Fig. S4B). Likewise, genetic deletion of FBXW7 
increased the levels of H3K4me1, H3K4me2, and H3K4me3 in 
HCT116 cells (Fig. 4B) and MEFs (Fig. 4C).

 For our subsequent in vivo study, we used immortalized MEFs 
induced by p53 deletion. To exclude the possible effect of p53 on 
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H3K4 methylation, we isolated MEFs from Fbxw7fl/fl﻿;p53fl/fl﻿ or 
Fbxw7+/+﻿;p53fl/fl   mice. Infection with adenovirus-mediated Cre 
recombinase (Ad-Cre) induced the expected depletion of either 
p53 or both Fbxw7 and p53, compared with the Ad-GFP control 
( Fig. 4D   and SI Appendix, Fig. S4C ). We found that p53 depletion 
had no effect on H3K4 methylation, whereas Fbxw7 and p53 
double depletion, similar to Fbxw7 single depletion, significantly 
increased H3K4 methylation ( Fig. 4D   and SI Appendix, Fig. S4C ).

 Given FBXW7 is frequently mutated in human cancer ( 32 ), 
we next determined whether several cancer-derived FBXW7 
mutants would affect RbBP5 binding and H3K4 methylations. 
We transfected FBXW7-null HCT116 cells with plasmids encod-
ing FBXW7-WT and three cancer-derived mutants (R465H, 
R479Q, R505C) individually, and found that all three mutants 
bind to RbBP5 with minor, if any, difference from FBXW7-WT. 
Furthermore, like FBXW7-WT, all these mutants inhibited H3K4 
methylations as well with minor difference, consistent with their 
similar RbBP5 binding activity (SI Appendix, Fig. S4D ).

 To determine whether enhanced H3K4 methylation as a result of 
FBXW7 depletion was due to its regulation of KMT2 methyltrans-
ferase activity, we first used MM-102, a peptidomimetic compound 
that disrupts KMT2–WDR5 binding ( 33 ), thus inhibiting KMT2A 
( 34 ). The treatment of paired HCT116 or MEFs with MM-102, along 
with DMSO as a negative control, partially blocked H3K4 methyla-
tion induced by FBXW7 deletion ( Fig. 4 E  and F  ). The same result 
was obtained with KMT2A knockdown in HCT116 cells (SI Appendix, 
Fig. S4E ). Furthermore, enhanced H3K4 methylation upon FBXW7 
deletion was reduced after the knockdown of either RbBP5 or KMT2F 
in HCT116 cells ( Fig. 4G   and SI Appendix, Fig. S4F ).

 To further exclude the possible involvement of KMT2D, which 
has been reported to be a substrate of FBXW7 in diffuse large B cell 
lymphoma cells ( 30 ), we crossed Fbxw7fl/+  with Kmt2dfl/+  mice to 
generate double heterozygous mice. Intercrossing of double heterozy-
gous mice gave rise to littermate embryos with four genotypes 
(Fbxw7+/+﻿;Kmt2d+/+﻿, Fbxw7fl/fl﻿;Kmt2d+/+﻿, Fbxw7+/+﻿;Kmt2dfl/fl﻿, or 
Fbxw7fl/fl﻿;Kmt2dfl/fl  ). MEFs were generated from these embryos, 
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for IB analysis. (B) H1299 cells were 
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followed by Ad-Cre infection to delete Fbxw7, Kmt2d  alone or in 
combination. Characterization of these MEFs revealed the followings: 
A) Kmt2d  deletion caused minor, if any, reduction of H3K4 meth-
ylation levels ( Fig. 4H  , lanes 1 vs. 2), whereas Fbxw7  deletion caused 
robust increase of H3K4 methylation levels ( Fig. 4H  , lanes 1 vs. 4), 
indicating that in MEFs, Kmt2d  plays a minimal role, whereas Fbxw7 
plays a major role, in regulation of H3K4 methylations; B) the levels 
of H3K4 methylations were lower in Fbxw7-Kmt2d  double knockout 
than Fbxw7  single knockout ( Fig. 4H  , lanes 3 vs. 4), indicating 
Kmt2d indeed plays a role, although minor, in promoting H3K4 
methylations; C) Fbxw7  knockout also led to accumulation of H3K4 
methylations in the absence of Kmt2d  ( Fig. 4H  , lanes 2 vs. 3), indi-
cating Fbxw7 regulates H3K4 methylations independently of Kmt2d; 
D) Fbxw7  deletion did not cause accumulation of Kmt2d (even 
reducing it), nor Wdr5 and Rbbp5 ( Fig. 4H  ), indicating these pro-
teins are not Fbxw7 substrates in MEFs. Taken together, it appears 
that Fbxw7 is a strong regulator of H3K4 methylation independent 
of Kmt2d in MEFs under our experimental conditions.

 Finally, we performed two independent in vitro enzymatic 
activity assays using the purified proteins to directly examine the 
inhibitory effect of FBXW7 on KMT2. We purified the core com-
ponents of KMT2 complex and FBXW7 protein (SI Appendix, 
Fig. S4G ) and performed an in vitro histone methyltransferase 

(HMT) assay using nucleosome core particles (NCP) as the sub-
strate. FBXW7 inhibited H3K4 methylation by KMT2A in a 
dose-dependent manner, as shown by western blotting ( Fig. 4I  ), 
and inhibited the enzymatic activity of KMT2 ( Fig. 4J  ). Given 
either FBXW7-WD40 or FBXW7- ΔWD40 domain binds to 
RbBP5, we purified these truncation mutants, along with the 
KMT2 components (SI Appendix, Fig. S4H ), and performed the 
same HMT assay. The results showed that only FBXW7-WD40, 
but not FBXW7- ΔWD40, inhibited H3K4 methylation ( Fig. 4K  ). 
Collectively, FBXW7 inhibits KMT2 methyltransferase activity 
in a manner dependent on its WD40 domain.  

FBXW7 Depletion Alters Global Gene Expression via Enhanced 
H3K4 Methylation. KMT2 methyltransferases are important 
epigenetic regulators of gene transcription that mediate histone 
H3K4 methylation at important regulatory regions, such as 
promoters and enhancers. Next, we determined whether and how 
FBXW7 regulates gene expression via binding with RbBP5 to 
inhibit KMT2, using two assays: 1) Cleavage Under Targets and 
Release Using Nuclease assay (CUT&RUN) assay with H3K4me1 
and H3K4me3 antibodies for pull-down; 2) RNA-sequencing 
(RNA-seq) in a pair of MEFs with or without Fbxw7. In the 
CUT&RUN assay, we identified ~40,000 differential H3K4me1 
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Fig. 4.   FBXW7 inhibits KMT2 
methyltransferase activity. (A) 
HEK293 cells were transfected 
with indicated siRNA for 48 h, 
followed by IB analysis. (B and 
C) HCT116 cells with or without 
FBXW7 deletion (B) or two inde-
pendent Fbxw7fl/fl MEFs infected 
with Ad-Cre or Ad-GFP for 72 h 
(C) were harvested for IB analysis. 
(D) Fbxw7+/+; p53fl/fl and Fbxw7fl/fl; 
p53fl/fl MEFs were infected with Ad-
Cre or Ad-GFP for 72 h and then 
subjected to IB analysis. (E and F) 
Paired HCT116 (E) or MEFs (F) with 
or without FBXW7 deletion were 
treated with DMSO or MM-102 at 
40 μM for 72 h, followed by IB anal-
ysis. (G) Paired HCT116 cells were 
transfected with indicated siRNA 
for 72 h, followed by IB analysis. 
(H) Fbxw7+/+; Kmt2d+/+, Fbxw7fl/fl; 
Kmt2dfl/fl, Fbxw7+/+; Kmt2dfl/fl and 
Fbxw7fl/fl; Kmt2d+/+ MEFs from the 
embryos of the same pregnant 
mouse were infected with Ad-Cre 
to delete Fbxw7 and/or Kmt2d as 
indicated, followed by IB analysis. 
(I and J) The purified KMT2A and 
FBXW7 proteins were added into 
histone methyltransferase (HMT) 
reaction system at the indicated 
molar ratios, together with NCP 
as the substrate and SAM as the 
methyl source, followed by IB for 
H3K4 methylations (I) or in  vitro 
HMT assay (J). KMT2A is a complex 
of KMT2AWIN-SET (3,754 to 3,969 aa), 
RbBP5, ASH2L, WDR5, and DPY30. 
n = 3; mean ± SD, ns: no signifi-
cance, ***P < 0.001. (K) The puri-
fied KMT2A and two FBXW7 trun-
cated mutants were added into 
the HMT reaction system at the 
indicated molar ratios, followed 
by IB for H3K4 methylations.
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peaks and ~20,000 differential H3K4me3 peaks in the whole 
genome (Fig. 5A). Overall, Fbxw7 depletion caused a remarkable 
increase in the up peaks, particularly in the H3K4me3 pulldown 
samples (Fig. 5A). RNA-seq profiling of triplicate samples identified 
more than 1,200 differentially expressed genes (DEGs) between 
wt and Fbxw7-depleted MEFs with the cut-off criteria of at least 
twofold changes and statistically significant differences (q value < 
0.01). The data are summarized in a volcano plot with the red dots 
representing the upregulated genes and the blue dots representing 
the downregulated genes upon Fbxw7 depletion (Fig. 5 B and C). 

We then overlapped the candidate genes identified by CUT&RUN 
and RNA-seq and grouped the common candidate genes into 
four quadrants (Fig. 5D). We focused on the genes in the upper 
right quadrant (orange part), representing 1) the genes that were 
enriched with more H3K4me1 or H3K4me3 at the promoter or 
enhancer regions, respectively, and 2) at least twofold increased 
mRNA levels upon Fbxw7 depletion (Fig.  5D), and performed 
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment 
pathway analysis (Fig. 5E). Genes involved in these pathways are 
listed, respectively (SI Appendix, Fig. S5A).
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Fig. 5.   FBXW7 depletion alters global gene expression via enhanced H3K4 methylation. (A) CUT & RUN assays in paired MEFs with or without Fbxw7 deletion. 
The heatmaps show H3K4me1 (Left) and H3K4me3 (Right) peaks in the whole genome of paired MEFs. (B and C) RNAseq profiling in paired MEFs with or without 
Fbxw7 deletion. Shown are volcano plot (B) and fold-change plot (C) for DEGs with red dots representing the up-regulated genes with at least twofold increase 
and the blue dots representing the down-regulated genes with a reduction of at least 50% with a q value < 0.01. FC: Fold change. (D) Quadrant diagrams of the 
overlap between DEGs from RNAseq analysis and the target genes that showed differential peaks in the promoter or enhancer regions from the CUT & RUN 
assay. (E) KEGG enrichment pathway analyses on the genes that are enriched in CUT & RUN analyses for H3K4me1 or H3K4me3 pull-down, and at least twofold 
increase in Fbxw7-null MEFs from RNAseq analysis, respectively. FDR: False discovery rate. (F) Relative expression levels of the indicated up-regulated genes 
from IL-17 pathway upon Fbxw7 depletion. Paired MEFs were harvested for qRT-PCR analysis. n = 3; mean ± SEM, **P < 0.01, ***P < 0.001. (G) Paired MEFs were 
serum starved, and the supernatants were then collected as conditional media for ELISA. n = 3; mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001.
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 Among the altered pathways, we focused on inflammatory IL-17 
signaling (false discovery rate ≤ 0.05), not known to be regulated 
by Fbxw7. By qRT-PCR analysis, we confirmed the upregulation 
of these pathway genes, including IL-6, Cxcl1, Cxcl2, Cxcl5, and 
Mmp3, together with Cxcl3, in which H3K4me1 was enriched at 
its important regulatory region after Fbxw7 depletion ( Fig. 5F  ), and 
by the CUT&RUN assay with great enrichment at the promoter 
or enhancer regions of these genes (SI Appendix, Fig. S5 B–F ). Given 
that these cytokines are secreted proteins, we starved the cells and 
collected conditioned media to detect the levels of these proteins 
by ELISA. Consistent with our qRT-PCR results, we detected ele-
vated levels of these cytokines upon Fbxw7 depletion ( Fig. 5G  ). 
Taken together, we conclude that Fbxw7 depletion enhances KMT2 
activity, leading to a genome-wide increase of H3K4 methylation 
to epigenetically upregulate gene transcription, including genes 
involved in the IL-17 signaling pathway.

 Since Fbxw7 depletion activates the IL-17 signal via enhanced 
H3K4 methylations, we finally determined whether ectopic 
expression of FBXW7 or its cancer-derived mutants would rescue 
such an effect. We first transfected CAFs derived from pancreatic 
cancer with plasmids encoding FBXW7-WT and three cancer- 
derived mutants individually. Compared to FBXW7-WT, the 
mutant FBXW7-R479Q was the least effective in blocking H3K4 
methylations among three mutants (SI Appendix, Fig. S5G ). 
Consistently, this mutant was the least effective in inhibiting 
expression of the IL-17 signal components, including IL-6 and 
CXCL1/2/3/5 (SI Appendix, Fig. S5H ). We then performed the 
rescue experiment in CAFs by simultaneously knocking down 
endogenous FBXW7 and ectopically overexpressing FBXW7-WT 
or FBXW7-R479Q, respectively. FBXW7-WT blocked upregu-
lation of IL-6 and CXCL1/2/3/5 caused by FBXW7 knockdown, 
whereas FBXW7-R479Q had largely no effect (SI Appendix, 
Fig. S5I ), suggesting a direct link between inhibition of KMT2 
activity and inactivation of the IL-17 signal.  

Fbxw7 Depletion Activates the IL-17 Signaling Pathway to 
Promote In  Vitro Migration/Invasion and Sphere Formation 
and In Vivo Tumor Growth upon Co-implantation of MEFs with 
Lung Cancer Cells. We next determined whether the activation 
of IL-17 signaling pathway and its biological consequences are 
dependent on KMT2A activation. To prevent spontaneous 
senescence of primary MEFs, we used paired MEFs (Fbxw7+/+ 
vs. Fbxw7−/−) in a p53-null background, given that p53 had no 
effect on H3K4 methylation (Fig. 4D and SI Appendix, Fig. S4C). 
Since the secretory nature of IL-6, CXCL1, CXCL2, CXCL3, 
CXCL5, and MMP3, we cultured MEFs in serum-free medium 
in the presence or absence of the KMT2A inhibitor MM-102 for 
72 h. We harvested the cells to measure the mRNA levels of IL-17 
signaling pathway cytokines and collected the conditioned media 
for biological assays. MM-102 effectively blocked the induction 
of these cytokine mRNAs (Fig. 6A). Thus, cytokine induction by 
Fbxw7 depletion is dependent on KMT2A activity.

 We then performed the Transwell assay to assess the biological 
effects of Fbxw7 depletion on the migration and invasion of cancer 
cells. Strikingly, the conditioned media collected from Fbxw7-depleted 
MEFs significantly promoted the migration and invasion of A549 
human lung cancer cells (SI Appendix, Fig. S6A ) and 4T1 murine 
mammary tumor cells (SI Appendix, Fig. S6B ), which was largely 
rescued by MM-102 treatment ( Fig. 6B   and SI Appendix, Fig. S6C ). 
Furthermore, conditioned media from Fbxw7−/−   MEFs also stimu-
lated sphere formation, as evidenced by the increased number and 
enlarged size of spheroids, which were again largely blocked/rescued 
by MM-102 treatment ( Fig. 6C   and SI Appendix, Fig. S6D ). 
Collectively, we conclude from these results that Fbxw7 depletion 

activates IL-17 signaling pathway, along with other inflammatory 
pathways, to promote migration, invasion, and sphere formation of 
cancer cells in a manner largely dependent on KMT2A methyltrans-
ferase activity in these in vitro cell culture models.

 It is well established that the TME promotes tumorigenesis and 
development, while CAFs are one of the primary stromal cells in the 
TME that participate in tumor progression by secreting tumor- 
promoting factors ( 35 ). We next tested our hypothesis that Fbxw7-null 
MEFs may promote in vivo tumor growth by secreting inflammatory 
cytokines/chemokines. To this end, we subcutaneously coinjected 
A549 lung cancer cells with Fbxw7−/−﻿;p53−/−   MEFs (right flanks) or 
﻿Fbxw7+/+﻿;p53−/−   control MEFs (left flanks) at a ratio of 1:1 or 1:3, 
respectively, into the same immunodeficient SCID mice. While the 
three cell lines had comparable growth rates in the cell culture setting 
(SI Appendix, Fig. S6E ), the in vivo growth of co-injected cells was 
surprisingly faster, with larger masses in Fbxw7+/+﻿;p53−/−   control group 
(left flanks) than in Fbxw7−/−﻿;p53−/−   group (right flanks) ( Fig. 6D   and 
﻿SI Appendix, Fig. S6 F and G ). To determine the cellular origins of 
“tumor” masses, we first confirmed that α-smooth muscle actin 
(α-SMA) can be used exclusively as a marker of MEFs with fibroblast 
origin, whereas cytokeratin 7 exclusively as a marker of A549 cells with 
epithelial origin ( Fig. 6E  ). We then performed IHC staining of 
“tumor” masses using these two antibodies. Strikingly, while the major-
ity of tissue masses in the Fbxw7+/+﻿;p53−/−   control group consisted of 
MEFs (α-SMA positive), the vast majority of the tissue masses in the 
﻿Fbxw7−/−﻿;p53−/−   group were indeed tumor tissues derived from A549 
cells (cytokeratin 7 positive), regardless of the ratio of the co-injection 
( Fig. 6F   and SI Appendix, Fig. S6H ). Consistently, the tumor tissues 
showed an increased proliferation rate with enhanced Ki67 staining 
compared to fibroblast masses, even though the latter are larger in size 
( Fig. 6F   and SI Appendix, Fig. S6H ). Taken together, these results 
demonstrate that Fbxw7−/−   MEFs promote in vivo tumor growth by 
secreting more tumor-promoting cytokines/chemokines to facilitate 
the formation of TME. Through inactivation of KMT2 activity by 
RbBP5 binding, FBXW7 shows a tumor-suppressive function through 
a paracrine mechanism via epigenetic downregulation of inflammatory 
signaling pathways to block the secretion of inflammatory cytokines/
chemokines.  

Hypoxia Downregulates FBXW7 via ETS1 in CAFs, Which 
Promotes Migration and Invasion of Cancer Cells in a Paracrine 
Fashion. We next attempted to define a pathological condition 
analogous to that seen in our MEFs-cancer cell coinjection 
environment (Fig. 6F and SI Appendix, Fig. S6H). As mentioned 
earlier, FBXW7 expression in CAFs progressively decreases as 
disease progresses in both pancreatic and lung cancer tissues. We 
focused on hypoxia, which is a common condition within an 
outgrown tumor mass (36). We hypothesized that if FBXW7 is 
downregulated by hypoxia in CAFs within the TME, which could 
promote tumor growth in a paracrine fashion. We first cultured 
pancreatic ductal adenocarcinoma (PDAC-CAF) or ovarian cancer 
tissue (OVC-CAF) under hypoxic conditions for 24 or 48 h, and 
found that hypoxia indeed reduced FBXW7 protein levels, along 
with increased levels of H3K4 methylation with accumulation 
of c-JUN, a known substrate of FBXW7, as a positive control 
(Fig.  7A and SI  Appendix, Fig.  S7A). Similar observations of 
reduced Fbxw7 levels and increased H3K4 methylation were 
also observed in MEFs upon hypoxia exposure in a manner 
independent of p53 (SI Appendix, Fig. S7 B and C). We further 
found that decreased FBXW7 protein levels due to hypoxia were 
attributable to reduced FBXW7 mRNA expression (Fig. 7B and 
SI Appendix, Fig. S7D), suggesting that hypoxia likely induced a 
transcription repressor to downregulate Fbxw7 expression. The 
literature search revealed that 1) the transcriptional regulator 
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CCAAT enhancer binding protein delta (C/EBPδ) was induced by 
hypoxia to directly inhibit FBXW7 transcription in breast cancer 
cells (37), and 2) the transcription repressor ETS1 was subjected 
to hypoxia induction, to transcriptionally repress its downstream 
genes (38, 39). We found that the protein levels of ETS1, but 
not C/EBPδ, were significantly increased in CAFs derived from 
both pancreatic and ovarian cancers upon hypoxic exposure 
(Fig.  7A and SI  Appendix, Fig.  S7A). Increased ETS1 protein 
was attributable to the induction of ETS1 mRNA by hypoxia, 
regardless of the culture conditions (Fig. 7B). We then focused 
on ETS1 and determined whether ETS1 negatively regulated 
FBXW7 transcription. Indeed, ETS1 knockdown increased the 
levels of both FBXW7 mRNA and protein in the CAFs (Fig. 7C). 
We further searched the human FBXW7 promoter sequence and 
identified a consensus ETS1 binding site (AGAGGAAGTG) 
(40) (Fig. 7D). Two luciferase reporters driven by a 2-kb FBXW7 
promoter sequence with or without the ETS1 binding site were 

constructed, and a luciferase reporter assay showed that the 
transcription of the FBXW7 promoter was significantly increased 
upon deletion of the ETS1 binding site (Fig. 7E). Furthermore, 
a chromatin IP (ChIP) assay showed direct binding of ETS1 to 
the FBXW7 promoter with 15-fold enrichment, as quantified 
by qRT-PCR (Fig. 7F). Importantly, similar to the observations 
made in MEFs, the mRNA expression of cytokines/chemokines, 
including IL-6 and CXCL1/2/3/5, in the IL-17 signaling pathway 
was also increased upon FBXW7 knockdown in CAFs (Fig. 7G). 
Taken together, these results demonstrate that in CAFs, FBXW7 is 
a transcription-repressing target of ETS1, which mediates hypoxia 
inhibition of FBXW7, and FBXW7 knockdown activates the IL-
17 signaling pathway in CAFs.

 Finally, we determined the biological consequences of the 
hypoxic repression of FBXW7 in PDAC-CAFs. We collected 
conditioned media from hypoxia-exposed PDAC-CAFs and 
found that they significantly promoted the migration and 
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Fig. 6.   Fbxw7 depletion acti-
vates IL-17 signaling pathway 
to promote in  vitro migration/
invasion and sphere formation 
and in  vivo tumor growth upon 
co-implantation of MEFs and lung 
cancer cells. (A) MEFs with indicat-
ed genotypes were serum starved, 
along with MM-102 (40 μM) or 
DMSO treatment for 72 h, followed 
by qRT-PCR analysis. n = 3; mean ± 
SEM, ns: no significance, *P < 0.05, 
**P < 0.01, ***P < 0.001. (B) MEFs 
with indicated genotypes were se-
rum starved, along with MM-102 
(40 μM) or DMSO treatment for 72 
h, and then the supernatants were 
collected as conditioned media. 0.8 
~ 1 × 105 A549 cells were seeded 
into the 8.0-µm, 24-well plate 
chamber inserts in serum-free 
medium, and the conditioned me-
dia were added to the wells of the 
plate for transwell migration and 
invasion assays. Shown are the 
representative images (Top) and 
fold changes (Bottom) of migrated/
invaded cells. (Scale bar: 50 μm.)  
n = 3; mean ± SEM, ns: no signifi-
cance, *P < 0.05, ***P < 0.001. (C) 
Conditioned media were collected 
from MEFs and then mixed with 
DMEM containing 5% serum at a 
ratio of 3:1 to prepare the condi-
tioned media dilution. A549 cells 
were cultured in the conditioned 
media dilution for 13 d under 3D 
culture conditions. Photographs 
were taken under a microscope 
(Left), and the number (expressed 
as fold change) and size of spheres 
were counted with ImageJ (Right). 
(Scale bar: 100 μm.) The difference 
in the spheroid numbers was ex-
pressed as fold change by setting 
the control group (Fbxw7+/+p53−/−/
DMSO) as 1 (Top Right). For quanti-
fication of spheroid size, 58 to 145 
colonies were counted (Bottom 
Right). The results were expressed 
as mean ± SEM from three inde-
pendent experiments, ns: no sig-
nificance, *P < 0.05, ***P < 0.001. 
(D–F) 3 × 106 A549 cells were mixed 

with Fbxw7+/+; p53−/− or Fbxw7−/−; p53−/− MEFs at a ratio of 1:3, and then s.c. injected into the left (L) or right (R) flank of SCID mice, respectively. After 15 d, the tumor 
volumes were measured every 2 to 3 d and the tumor growth curves were plotted (D). Mean ± SEM, n = 6, **P < 0.01. Cells were harvested for IB analysis (E). The 
subcutaneous tumors were isolated for IHC staining (F, Left). The ratios of positive staining from three random areas of each tumor (n = 6) were calculated (F, Right). 
Mean ± SD, n = 6, ***P < 0.001.
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invasion of PANC-1 and BxPC-3 pancreatic cancer cells ( Fig. 7H   
and SI Appendix, Fig. S7E ). Similarly, conditioned media col-
lected from hypoxia-exposed MEFs significantly promoted the 
migration of A549 lung cancer cells (SI Appendix, Fig. S7F ). 
Collectively, these results demonstrate that FBXW7 is downreg-
ulated by ETS1 at the transcriptional level in CAFs under hypoxic 
conditions, which in turn promotes the migration and invasion 
of human cancer cells in a paracrine fashion.   

Discussion

 CAFs, which secrete growth factors, cytokines, and chemokines 
to promote cancer cell proliferation and immune exclusion, are 
dominant components of the TME ( 3 ). Whether and how 
FBXW7 regulates functions of CAFs is unknown. In this study, 

we found that FBXW7 serves as a tumor suppressor in CAFs, 
acting in a paracrine manner. Our conclusion is supported by the 
following lines of evidence: 1) CAF FBXW7 in TME is progres-
sively downregulated with the advancement of human pancreatic 
and lung cancers; 2) FBXW7 directly binds to RbBP5, not for its 
ubiquitylation/degradation, but for reducing the interaction of 
RbBP5 with other KMT2 components, thus inactivating KMT2; 
3) FBXW7 knockdown or knockout significantly increases H3K4 
methylation; 4) Fbxw7  knockout activates the IL-17 signaling 
pathway to secrete inflammatory cytokines and chemokines; 5) 
conditioned media from Fbxw7﻿-knockout MEFs promotes 
in vitro migration and invasion and sphere formation of lung 
cancer cells, whereas co-injection of Fbxw7﻿-knockout MEFs with 
lung cancer cells promotes in vivo tumor growth; 6) hypoxia expo-
sure inhibits FBXW7 expression in CAFs derived from pancreatic 
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Fig. 7.   Hypoxia downregulates 
FBXW7 via ETS1 in CAFs, which 
promotes migration and inva-
sion of cancer cells in a paracrine 
fashion. (A) The immortalized 
CAFs from pancreatic cancer tis-
sues (PDAC-CAFs) were grown 
under normoxia or hypoxia (1% 
O2) for 48 h, followed by IB anal-
ysis. (B) PDAC-CAFs were cultured 
in complete (Top) or serum-free 
(Bottom) medium under normox-
ia or hypoxia for 48 h before be-
ing harvested for qPCR analysis.  
n = 3; mean ± SEM, **P < 0.01, 
***P < 0.001. (C) PDAC-CAFs were 
transfected with indicated siRNA 
for 48 h, and then cells were har-
vested for qRT-PCR (Top) or IB (Bot-
tom) analysis. n = 3; mean ± SEM, 
**P < 0.01. (D) Schematic of lucif-
erase reporter driven by FBXW7 
promoter with ETS1 binding site 
indicated. E refers to ETS1 binding 
site. (E) Cells were co-transfected 
with luciferase reports driven 
by FBXW7 promoter with (FL) or 
without ETS1 binding site (del-E) 
along with Renilla, followed by 
luciferase reporter assay. n = 3; 
mean ± SEM, ***P < 0.001. (F) 
HEK293 cells were harvested for 
ChIP assay with ETS1 antibody, 
followed by PCR (Top) or qPCR 
analysis (Bottom). n = 3; mean ± 
SEM, ***P < 0.001. (G) PDAC-CAFs 
were transfected as indicated and 
harvested for qRT-PCR analysis. n 
= 3; mean ± SEM, **P < 0.01, ***P 
< 0.001, ns: no significance. (H) 
PDAC-CAFs were serum starved 
under normoxia or hypoxia for 48 
h, and then the conditioned media 
were collected. PANC-1 cells were 
seeded into the 8.0-µm, 24-well 
plate chamber inserts in serum-
free medium, and the conditioned 
media were added to the wells of 
the plate for transwell migration 
and invasion assays. Shown are 
the representative images (Top), 
and fold changes (Bottom) of mi-
grated/invaded cells. (Scale bar: 
50 μm.) n = 3; mean ± SEM, **P 
< 0.01, ***P < 0.001. (I) A working 
model. See text for details.
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cancer tissues, whereas conditioned media from hypoxia-exposed 
CAFs promotes migration and invasion of pancreatic cancer cells.

 We reported here that FBXW7 directly binds to RbBP5 among 
other five components of KMT2 complex, identified by IP-coupled 
mass spectrometry, in multiple human cancer cells and MEFs 
under the physiological condition, as well as in vitro using purified 
proteins. RbBP5 is known to play a pivotal role in the assembly 
and enzymatic activity of KMT2 family methyltransferases ( 34 , 
 41 ,  42 ), and RbBP5 phosphorylation on S350 potentiates WRAD 
(refers to WDR5, RbBP5, ASH2L, and DPY30) assembly and 
regulates H3K4 methylation ( 43 ). RbBP5 also regulates the rota-
tional dynamics of the KMT2A complex on NCPs ( 44 ,  45 ). Here, 
we showed that FBXW7–RbBP5 binding is not for degradation, 
but rather for blocking RbBP5 binding to other components of 
the KMT2 complex, leading to inhibition of KMT2 activity on 
mono-, di-, and tri-methylation of H3K4.

 What are the biochemical consequences of FBXW7 inhibition 
of KMT2 activity? Given that KMT2 methylates H3K4 at the 
active promoter or enhancer regions in the genome ( 46 ), we per-
formed CUT&RUN assays coupled with RNA-seq. Indeed, 
Fbxw7 depletion strikingly enhanced global gene expression, par-
ticularly through promoter activation, as revealed by H3K4me3 
Abs-based CUT&RUN assay. KEGG analysis of genes commonly 
upregulated by CUT&RUN and RNA-seq revealed the activation 
of a few signaling pathways involved in oncogenesis and inflam-
mation. Since the functions of CAFs within the TME are largely 
dependent on the secretion of soluble molecules, we focused on 
and confirmed the upregulation of cytokines and chemokines in 
the IL-17 signaling pathway in Fbxw7 depleted cells.

 Previous studies have shown that FBXW7 regulates secretory 
proteins. For example, Fbxw7 depletion in murine BM-derived 
stromal cells (BMSCs) leads to Notch accumulation and conse-
quent transcriptional activation of Ccl2, which increases Ccl2 
levels in the serum, leading to the recruitment of monocytic 
myeloid-derived suppressor cells and macrophages, thereby pro-
moting metastatic tumor growth ( 47 ). In addition to Ccl2, other 
serum chemokines such as Ccl12 and Cxcl13 were also increased 
after Fbxw7 depletion in BMSCs ( 47 ). In contrast, macrophage 
Fbxw7 promotes inflammation by ubiquitylating EZH2 for deg-
radation to suppress H3K27me3 modification, leading to 
increased expression of Ccl2 and Ccl7 in a murine model of colitis 
( 11 ), whereas FBXW7 in DCs also promotes inflammation by 
ubiquitylation and degradation of lysine N-methyltransferase 
suppressor of variegation 39 homolog 2 (SUV39H2) to decrease 
H3K9me3 modification, leading to enhanced IL-23 expression 
( 12 ). Here, we show that FBXW7 epigenetically inhibits gene 
expression by inactivating KMT2 through RbBP5 binding. Fbxw7 
depletion activates KMT2 to increase H3K4 methylation, leading 
to increased secretion of IL-6 and Cxcl1/2/3/5 in both MEFs and 
CAFs to promote migration and invasion of cancer cells in a 
paracrine fashion. We further extended these in vitro cell 
culture-based experiments to an in vivo xenograft model by 
co-injection of FBXW7-null MEFs with lung cancer cells into 
SCID mice, and confirmed that the chemokines/cytokines and 
other possible growth factors secreted from Fbxw7-depleted MEFs 
significantly stimulated the tumor growth, indicating an in vivo 
paracrine effect.

 We also explored possible effect of cancer-derived FBXW7 
mutants on RbBP5 binding and KMT2 activity. In HCT116 cells, 
FBXW7 mutants bind to RbBP5 and inhibit KMT2 activity 
equally well as FBXW7-WT. However, in CAFs derived from 
pancreatic cancer, a R479Q mutant was much less effective, as 

compared to FBXW7-WT, in blocking KMT2 activity and IL-17 
signal upregulation, induced by FBXW7 knockdown. Given the 
fact that FBXW7 genetic mutations and deletion have opposite 
effect on KMT2 activity, it is unlikely that FBXW7 mutations 
would deliver similar effects as FBXW7 deletion via epigenetic 
gene regulation to influence tumorigenesis.

 This study reports that FBXW7 expression is subjected to tran-
scriptional regulation in CAFs of the TME. Starting from an in-depth 
analysis of published single-cell transcriptome datasets conducted in 
pancreatic and lung cancer tissues, we found that FBXW7 in CAFs, 
but not in other cell types including epithelial-origin cancer cells and 
various immune cells in the TME, was gradually downregulated as 
the disease progressed. The fact that FBXW7 expression in cancer 
cells of epithelial origin varies at different stages of cancer development 
in the TME of both pancreatic and lung cancers highly suggests that 
loss-of-function mutations of FBXW7 in cancer cells likely make it 
unnecessary for its downregulation.

 What is the underlying mechanism by which CAF FBXW7 is 
downregulated in the TME of human pancreatic and lung cancer? 
It is well established that hypoxia, as one of the hallmarks of the 
TME, occurs frequently in a majority of human cancers when tum-
ors outgrow the blood supply ( 36 ). Hypoxia has also been shown to 
promote a secretory phenotype in CAFs derived from human PDAC 
( 48 ). We found that hypoxia downregulates CAF FBXW7, which 
is mediated by ETS1, a hypoxia-inducible transcriptional factor. We 
characterized FBXW7 as a transcriptional target of ETS1. It is worth 
noting that reduced FBXW7 mRNA expression in lung cancer tis-
sues was also seen in other types of cells, although not progressively. 
Thus, it is possible the ETS1 induced by hypoxia is responsible for 
FBXW7 downregulation as well. Finally, we demonstrated that 
hypoxia biochemically downregulates FBXW7 in CAFs to increase 
H3K4 methylation and biologically promotes the migration and 
invasion of pancreatic cancer cells via a paracrine mechanism. It is 
well known that FBXW7 is a haploinsufficient tumor suppressor 
( 49 ), and frequently mutated in human cancer, both contributing 
to tumorigenesis. Our finding that FBXW7 downregulation in CAFs 
by ETS1 under tumor hypoxic condition added one additional 
mechanism by which FBXW7 acts as a tumor suppressor.

 In summary, our study fits the following working model: Through 
RbBP5 binding, FBXW7 inhibits RbBP5 interaction with other 
components of KMT2, leading to KMT2 inactivation. Fbxw7 
depletion in MEFs or hypoxia-induced FBXW7 downregulation 
in CAFs activates KMT2 and increases H3K4 methylation to upreg-
ulate the expression of genes, particularly those encoding inflam-
matory cytokines and chemokines, in IL-17 signaling pathway. As 
a result, secreted cytokines/chemokines in CAFs/MEFs act in a 
paracrine fashion to stimulate the migration, invasion, and sphere 
formation of cancer cells in vitro and tumor growth in vivo ( Fig. 7I  ). 
Thus, FBXW7 also acts as a tumor suppressor in CAFs via an 
epigenetic-paracrine mechanism by inactivating KMT2 activity. 
Our study supports therapeutic strategies targeting CAFs ( 3 ,  4 ), 
particularly those with FBXW7 downregulation, for antican-
cer therapy.  

Materials and Methods

The animal studies were approved by and carried out in accordance with the 
guiding principles of the Laboratory Animal Ethics Committee of the 2nd 
Affiliated Hospital of Zhejiang University School of Medicine. Immunoblotting, 
immunoprecipitation, half-life analysis, and hypoxia exposure were performed 
as previously described (50). Additional materials and methods are available in 
SI Appendix, SI Materials and Methods.
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Data, Materials, and Software Availability. The CUT&RUN and RNA-seq data 
have been deposited to the NCBI GEO database (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi), and accession codes are GSE164134 (51) for CUT&RUN and 
GSE164135 (52) for RNA-seq. We downloaded and analyzed scRNA-seq from 
NCBI GEO database and accession codes are GSE205013 (25), GSE148071 (27), 
and GSE131907 (26). We also downloaded and analyzed scRNA-seq from gsa 
database (https://ngdc.cncb.ac.cn/gsa) with accession number CRA001160 (24). 
All study data are included in the article and/or SI Appendix.
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