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enhance tumour cell invasiveness and promote lymphatic metas-
tasis across diverse cancer types, establishing them as functionally 
conserved and metastasis-promoting CAF subsets with potential 
for universal therapeutic targeting. Additionally, the unique tran-
scriptional and functional characteristics of SDC1+ CAFs neces-
sitate a more precise classification of previously described CAF 
subtypes, such as CAF_LRRC15 and CAF_infla22 23, which share 
partial signatures across multiple subsets identified in our study.

Mechanistically, our findings further elucidate that SDC1+ 
CAFs exert their pro-metastatic effects predominantly through 
CTGF secretion into the TME. CTGF, a matricellular protein 
of the CCN family, is known to regulate multiple oncogenic 
processes, including cell migration, ECM remodelling and angio-
genesis.35–37 While CTGF is predominantly derived from tumour 
cells, stromal CTGF production, particularly from CAFs, has 
been implicated in enhancing ECM deposition and inducing 
immunosuppressive niches.38 39 Our results extend these findings 
by showing that SDC1+ CAFs-derived CTGF directly influences 
tumour cell behaviour and promotes EMT. Previous studies have 
suggested that CTGF from undefined CAF populations contrib-
utes to tumour progression40 41; however, our study pinpoints 
SDC1+ CAFs as a definitive cellular source. Further, we iden-
tify FGFR3 as the key receptor mediating CTGF-induced EMT 
signalling in tumour cells, which is a well-known pathway to 

modulate oncogenic signalling across cancer types.42 43 Notably, 
this interaction unveils a previously unrecognised ligand-receptor 
relationship, as CTGF is not a canonical ligand for FGFR3. 
Importantly, both CTGF blockade and FGFR3 silencing signifi-
cantly attenuated metastasis in preclinical models, supporting 
the therapeutic relevance of this novel paracrine axis.

To better understand the formation and maintenance of 
SDC1+ CAFs, we identified KLF6 as a critical upstream tran-
scription factor of CTGF, thereby activating FGFR3 down-
stream signalling and sustaining the pro-metastatic phenotype of 
SDC1+ CAFs (online supplemental figure S15E). Notably, while 
KLF6 has traditionally been characterised as a tumour suppressor 
in prostate cancer and hepatocellular carcinoma44 45, it has also 
been shown to act as a tumour promoter in other contexts, such 
as clear cell renal cell carcinoma46, colon cancer47 and TH17-
driven inflammatory conditions.48 Our findings support the 
concept of cell type-dependent and context-dependent func-
tions of KLF6 and reveal its pro-tumorigenic role in stromal 
fibroblasts via activation of the KLF6-CTGF axis. Interestingly, 
KLF6 is essential for maintaining the established transcriptional 
programme of SDC1+ CAFs, but it alone cannot drive the differ-
entiation of CAFs into this specific subtype (online supplemental 
figure S16A and B). Similarly, tumour cells alone were insufficient 
to induce the SDC1+ CAFs phenotype in normal fibroblasts or 

Figure 7  CTGF mediates KLF6-driven metastasis in SDC1+ CAFs. (A) Representative images of transwell migration (upper) and invasion (lower) 
assays of cancer cells co-cultured with SDC1+ CAFs silencing KLF6 and/or overexpressing CTGF. Quantification of migrated/invaded cells is presented 
on the bottom. Scale bar, 100 µm. (B) Western blot analysis of EMT-related proteins in tumour cells described in (A). β-ACTIN serves as a loading 
control. (C) Schematic of in vivo lymph node metastasis model. T24 or HCT116 cells were co-injected with SDC1+ CAFs silencing KLF6 and PCDH/CTGF 
overexpression into nude mice footpads (created using https://biogdp.com). (D) Representative H&E staining images of lymph node metastasis in vivo 
described in (C) (n=10). Scale bars: 625 µm (4×) and 200 µm (10×). (E) Quantification of lymph node metastasis rates across experimental groups as 
in (D). Numbers within columns represent the absolute counts of metastatic and non-metastatic lymph nodes (n, the total number of lymph nodes 
collected per group). Statistical analyses: one-way ANOVA (A); χ2 test (E); *, p<0.05, **p<0.01, ***p<0.001. CAF, cancer-associated fibroblast; EMT, 
epithelial-mesenchymal transition; FACS, fluorescence-activated cell sorting.
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SDC1⁻ CAFs (online supplemental figure S16C-G), in contrast 
to certain myCAF subtypes which can be readily induced by 
tumour-derived factors such as TGF-β.49 50 This suggests that 
additional TME components, including immune and stromal 
signals, may be necessary to drive SDC1+ CAFs differentiation. 
This is consistent with previous findings that CAF specification 
is shaped by context-specific extracellular signals and transcrip-
tional regulators.22 51–53

In summary, our study identifies SDC1+ CAFs as a universal 
pro-metastatic fibroblast population present across diverse 
human cancers and uncovers a previously unappreciated KLF6-
CTGF-FGFR3 signalling axis that mediates stromal-tumour 
communication to drive EMT and metastatic progression. 
Mechanistically, KLF6 activation in SDC1+ CAFs induces 
CTGF secretion, which in turn activates FGFR3 signalling in 
tumour cells to promote EMT and enhance invasive capacity 

(figure  8H), highlighting a distinct mechanism from previous 
studies that focus on KLF6 and CTGF derived from malignant 
cells. These findings not only reveal a conserved mechanism of 
CAF-driven metastasis, but also establish SDC1+ CAFs as a clini-
cally actionable stromal subset with broad therapeutic relevance. 
Unlike prior approaches targeting tumour-specific CAFs that 
risk off-target effects, selective inhibition of the KLF6-CTGF-
FGFR3 axis in SDC1+ CAFs may represent a novel approach to 
disrupt stromal support and improve clinical outcomes across 
multiple solid tumours.

Despite these insights, several limitations remain. First, 
while we establish CTGF as a pivotal effector of SDC1+ CAFs-
mediated metastasis, contact-dependent mechanisms and other 
paracrine factors may also contribute. Second, the cellular origin 
and differentiation pathways of SDC1+ CAFs remain undefined. 
It is plausible that non-tumour components of the TME, such 

Figure 8  Stromal CTGF and KLF6 expression correlate with poor overall survival. (A-B) Representative IHC images for KLF6 (top) and CTGF (bottom) 
expression in human COAD (left) and BLCA (right) tumour sections. Scale bars: 100 µm. (C-D) Correlation analysis of stromal CTGF and KLF6 protein 
expression levels in patients with COAD (C; n=59) and BLCA (D; n=80). (E, F) Kaplan-Meier survival analysis correlating CTGF (E) or KLF6 (F) protein 
expression levels in stroma and overall survival of patients with COAD and BLCA. Patients were stratified based on median protein expression 
levels. (G) Kaplan-Meier survival analysis for COAD and BLCA patients, stratified by co-expression of KLF6 and CTGF in tumour stroma: double-
high (KLF6HighCTGFHigh), single-high (either KLF6High or CTGFHigh) or double-low groups. (H) Proposed working model for stromal CAFs and tumour 
interaction. SDC1+ CAFs with KLF6 upregulation transcriptionally activate CTGF secretion, which in turn engages FGFR3 on tumour cells to induce 
EMT and metastasis via upregulation of SLUG, SNAIL and MMP1. This metastatic signalling cascade can be disrupted by CTGF neutralisation (FG-
3019, CTGF-neutralising antibody) or silencing of the KLF6-CTGF-FGFR3 axis. Statistical analyses: log-rank test (E, F, G). BLCA, bladder cancer; CAF, 
cancer-associated fibroblast; COAD, colon adenocarcinoma; EMT, epithelial-mesenchymal transition; IHC, immunohistochemistry.
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as immune cells or fibroblast-intrinsic programmes, participate 
in their emergence. Finally, although SDC1+ CAFs represent a 
major pro-metastatic population, other CAF subsets likely play 
context-specific roles in tumour progression that merit further 
investigation.
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