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Tissue-specific fibroblastlipid cuesimpose
therate of epithelial cancerinvasion
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Squamous cell carcinomas (SCCs) originate in epithelial tissues of older
individuals who have been exposed to environmental carcinogens. Despite
overlapping clinical hallmarks, SCCs from different anatomic sites have
different prognoses. Here we show that fibroblasts confer site-specific cues
that determine SCC proliferation and invasion. Oral and lung fibroblasts
have distinct lipid metabolism, transferring unique lipids to SCC cells

that promote epithelial-to-mesenchymal transition, and oral and lung SCC
invasion. Whereas oral fibroblasts transfer sphingomyelins, which activate
the ceramide-sphingosine-1-phosphate-STAT3 pathway and promote oral
SCCinvasion, lung fibroblasts transfer triglycerides to lung SCCs, thereby
triggering cholesterol synthesis and invasion, whichis associated with poor
survival. By contrast, dermal fibroblasts are lipid poor, and cutaneous SCCis
lessinvasive. Our dataindicate that targeting fibroblast lipid synthesis and SCC

lipid uptake or breakdown inhibits oral and lung epithelial cancer invasion.

SCCs arise from epithelial tissues that line the surfaces and cavities
of the body, such as the skin, oral cavity, respiratory, genitourinary
and digestive tracts’. Together, SCCs show the highest incidence of
all cancers, accounting for 80-90% of all cases®.

Although SCCs are classified by anatomic location, they present
overlapping epidemiological, histological and molecular hallmarks.
Specifically, they are drivenby environmental carcinogens, such as ultra-
violet (UV) light, tobacco and alcohol, which increase SCCs at different
sitesbyinducing DNA damage. Thisinteraction with extrinsic carcinogens

resultsinahigh mutation burdenandalterationsinkey tumour suppres-
sor genes and oncogenes (RAS, TP53, CDKN2A and NOTCH1/NOTCH2),
which are common in most SCCs**. Interestingly, despite the shared
aetiopathology, SCCs from different organs have significantly different
prognoses. Cutaneous SCCsarise from UV-damaged skin,and metastases
are rare (1.2-5%)°. In contrast, SCCs arising from internal cavities and
organs, suchasoral SCCand lung SCC, are highly metastaticand deadly>.

Epithelial architecture and function are supported by the adja-
cent connective tissue or stroma, and stromal fibroblasts determine
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epithelial cell identity and differentiation®’. Importantly, fibroblasts
from different sites express organ-specific instructions reflect-
ing developmental programmes that are maintained through
adulthood®™, implicating tissue-specific fibroblast programmes in
tissue-specific homeostasis. Critically, the stroma contributes to SCC
progression'>", and fibroblasts impact tumour initiation, progression
and metastasis'*". Therefore, we investigated whether site-specific
fibroblasts confer site-specific cues to SCCs that impact invasion
and survival.

We found that fibroblasts from the oral cavity and the lung are
lipid rich and transfer lipids to adjacent SCC cells. Fibroblast lipids
taken up by SCC cells promote epithelial-to-mesenchymal transition
(EMT) and promote SCC invasion. In contrast, cutaneous fibroblasts
arelipid poor and transfer few lipids to SCCs, which limits invasion. Oral
fibroblasts synthesize and transfer sphingolipids (sphingomyelins or
SMs), which are signalling lipids, to drive oral SCCinvasion. In contrast,
lung fibroblasts synthesize and transfer triglycerides (TGs), which
promote aggressive behaviourinlung SCCs. We show that oraland lung
fibroblast lipids drive SCCinvasionindependently of tumour-intrinsic
SCC biology and SCC anatomic subtype. Mechanistically, targeting
fibroblast lipid synthesis, lipid uptake or breakdownin SCC cells inhib-
its tumour invasion. Our work shows that site-specific fibroblast cues
determine SCC progression at distinct anatomic sites, which correlates
with site-specific SCC mortality.

Results

Oral and lung fibroblasts increase SCC invasion

To assess whether tissue-specific fibroblasts or SCC subtype drive SCC
invasion, we built organotypic three-dimensional matrices with adult
dermal, oral or lung fibroblasts, and then seeded the fibroblast matrices
with cutaneous (cSCC), oral (0SCC) or lung (luSCC) cells (Fig.1a). This
revealed thatall SCC subtypes (cSCC, 0SCC and luSCC) were more inva-
sive in matrices formed with either oral or lung fibroblasts (Fig. 1b-g
and Extended Data Fig. 1a-c) and, strikingly, cSCC, 0SCC and luSCC
invasion was significantly reduced on dermal fibroblast matrices. These
dataindicate that fibroblast biology impacts SCC invasion, and lung
and oralfibroblasts confer invasive cues toadjacent SCC cells. Oral and
lung, but not dermal fibroblasts, increase oral, cutaneous and [luSCC
invasion in three dimensions.

To determine if fibroblasts modulate SCC invasion by modifying
the extracellular matrix or by secreting factors that drive SCCinvasion,
we embedded spheroids of cSCC, 0SCC and luSCC subtypes in equal
concentrations of collagen, and cultured each SCC subtype with lung,
oral or dermal fibroblast secretomes (conditioned media; Fig. 1h).
Thisrevealed that cSCC, 0SCC and luSCC spheroids were significantly
moreinvasive when exposed to oral or lung fibroblast secretomes, but
not dermal fibroblast secretomes (Fig. 1i-k). Notably, we observed

that lung fibroblast secretomes conferred the highest level of inva-
sion. These data show that secreted oral and lung fibroblast factors
drive SCC invasion. Furthermore, the rate of proliferation across all
SCC constructs was notably increased when ¢SCC, 0SCC and luSCC
cells were seeded over oral or lung fibroblast matrices (Fig. 11-n and
Extended Data Fig.1d-h). Altogether, this demonstrates that oral and
lung fibroblasts secrete factors that drive SCC proliferation and inva-
sion, in contrast to dermal fibroblasts, which do not confer invasive
properties to SCC cells. Critically, these data correlate with patient out-
comes, as oral and lung SCCs have significantly higher rates of mortality
(=45-80% 5-year survival rate'®) compared to cSCC (=2% mortality)'*".

Oral and lung fibroblasts induce aggressive SCC
transcriptional programmes

To investigate how oral and lung fibroblasts increase SCC invasion,
we studied the transcriptional changes in cSCC, 0SCC and luSCC cells
after dermal, oral or lung fibroblast secretome exposure. We com-
pared the gene expressionin SCCs exposed to oraland lung fibroblasts
to the gene expression in SCCs exposed to dermal fibroblasts. We
found that lung fibroblast exposure induced the most differentially
expressed genes in SCC cells (1,001 genes, adjusted P value < 0.05;
Supplementary Table 1) compared to oral fibroblasts (100 genes,
adjusted Pvalue < 0.05; Supplementary Table 2 and Fig. 10,p). A total
of 36 genes were significantly differentially expressed by both oral
and lung fibroblasts. Gene-set analysis revealed enrichment for EMT
and tumour necrosis factor (TNF) signalling pathway genes, including
interleukin-1(/L1A,/L1B), AP-1(FOS, FOSB,JUN,JUNB) and TNF-nuclear
factor (NF)-kBsignalling genes, which are known to promote metastasis
andstemness in SCCs™* %, Thus, oraland lung fibroblasts secrete factors
thatinduce EMT in exposed SCC cells.

Oral, lung and dermal fibroblasts have unique
lipid metabolism profiles thatimpact SCC
invasion

Toidentify the secreted factors in oral and lung fibroblasts that drive
SCC invasion, we first examined the transcriptomic profiles from
healthy adult fibroblasts from the skin, the oral mucosa and the lung?®.
Principal component analysis (PCA) confirmed that fibroblasts cluster
by anatomic site, with the first principal component separating der-
mal fibroblasts from oral and lung fibroblasts (Fig. 2a). Oral and lung
fibroblasts drive SCC invasion, so we compared the differential gene
expression of oral and lung fibroblasts (gingival, palate, trachea, lung)
todermalfibroblasts (scalp, abdomen). Atotal of 1,779 genes were sig-
nificantly differentially expressed (false discovery rate (FDR)-adjusted
Pvalue < 0.05; Supplementary Table 3) with 1,198 upregulated in oral
and lung fibroblasts (log, fold change (FC) > 1) and 581 upregulated
in dermal fibroblasts (log,FC < -1). Pathway analysis revealed lipid

Fig. 1| Oral and lung fibroblasts increase SCCinvasion. a, Schematic of
organotypicinvasion models combining SCC and tissue fibroblasts (FBs).

b-d, cSCCcellline (IC19) (b), 0SCC cell line (FADU) (c) and luSCC cell line
(SKMES]) (d) invasion in organotypic constructs with dermal (yellow), oral
(blue) and lung (red) FBs (two-sided Mann-Whitney U-test, n = 4 countsin two
independent constructs). e-g, Representative images of cSCCIC19 (e), oSCC
UMSCCOL1 (f) and luSCC SKMESI (g) invasion in organotypic model with dermal
(left), oral (middle) and lung (right) FBs (scale bars, 100 pm). h, Schematic of
spheroid invasion model with tissue FB secretomes. i-k, Spheroid invasion

of cSCC (IC1, 1C19) (i), oSCC (FADU, UMSCCO1) (j) and luSCC (SKMESL, H520)

(k) treated with control media (grey; n = 8 spheroids in two independent
experiments) or FB secretomes (yellow, dermal; blue, oral; red, lung; n = 24
spheroids across two experiments, Kruskal-Wallis test, Dunn’s multiple
comparisons). I-n, Quantification of proliferating cSCC (IC19) (I), oSCC (FADU)
(m) and luSCC (H520) (n) in organotypic models with dermal (yellow), oral
(blue) and lung (red) FBs (two-sided Mann-Whitney U-test, n = 6 quantifications
over two independent organotypic constructs). o, Volcano plot of differentially
expressed genesin SCC cell lines treated with dermal FB secretomes (log,FC < 0)

or oral FB secretomes (log,FC > 0). Differential expression analysis was
performed using a negative binomial generalized linear model and two-sided
Wald test. Pvalues were adjusted for multiple comparisons using the Benjamini—
Hochberg method (FDR). Red indicates genes overlapping with differentially
expressed genes by lung FB secretome; blue indicates genes related to TNF and
EMT signalling. p, Volcano plot of differentially expressed genes in SCC cell lines
treat with dermal FB secretomes (log,FC < 0) or lung FB secretomes (log,FC > 0).
Differential expression analysis was performed using a negative binomial
generalized linear model and two-sided Wald test. P values were adjusted for
multiple comparisons using the Benjamini-Hochberg method (FDR). Red
indicates genes overlapping with differentially expressed genes by oral FB
secretome. Blue indicates genes related to TNF and EMT signalling. Box plots
represent minimum to maximum values (error bars), the box represents 25th
and 75th percentiles, and the line represents the median value. All data points
are displayed. Panels created in BioRender: a, Budden, T. https://biorender.com/
csfpg9x (2026); h, Budden, T. (2026) https://BioRender.com/bOeod5w (2026).
NS, not significant.
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Fig. 2| Fibroblasts from different anatomic sites present unique lipid
metabolism profiles. a, PCA of FB RNA sequencing by anatomicsite.

b, Lipidomics of FB secretomes. Data represent average z-score for each

lipid family. Error bars represent the s.e.m. n =9, triplicate secretomes
ofthreeindependent cell lines per condition (CE, cholesterol ester; PC,
phosphatidylcholine). ¢, TG quantification in FB secretomes by assay (two-sided
Mann-Whitney U-test, n = 6 duplicate measurements of three independent
FBsecretomes).d, SM quantification in dermal (yellow), oral (blue) and lung

(red) FB secretomes by assay (two-sided Mann-Whitney U-test, n = 6, duplicate
measurements of three independent FB secretomes. e, Spheroid invasion of cSCC
lines with FB secretomes (grey) and secretomes stripped of lipids with Cleanascite
(yellow; two-sided Mann-Whitney U-test, control n = 8 replicate spheroids,
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FB secretomes n = 24 independent spheroids from two cell lines treated with
threeindependent FB secretomes). f, Spheroid invasion of oSCC lines with FB
secretomes (grey) and secretomes stripped of lipids with Cleanascite (blue;
two-sided Mann-Whitney U-test, control n = 8 replicate spheroids, FB secretomes
n=24independent spheroids from two cell lines treated with three independent
FB secretomes). g, Spheroid invasion of luSCC lines with FB secretomes (grey) and
secretomes stripped of lipids with Cleanascite (red; two-sided Mann-Whitney
U-test, control n =8 replicate spheroids, FB secretomes n = 24 independent
spheroids from two cell lines treated with three independent FB secretomes). Box
plots represent minimum to maximum values (error bars), the box represents
25thand 75th percentiles, and the line represents the median value. Data points
aredisplayed. Bar plots show the mean + s.e.m.

metabolic pathways were enriched in oral and lung fibroblasts com-
pared to dermal fibroblasts (Extended Data Fig. 1i). To confirm lipid
metabolism differentiates the oral, lung and dermal fibroblasts, we
studied the transcriptional programmes in the in vitro fibroblast cell
lines, which validated that lipid metabolic genes were differentially
expressed in oral and lung fibroblasts (58 genes, log,FC > 1, adjusted
P<0.05) comparedtodermalfibroblasts (33 genes, log,FC < -1,adjusted
Pvalue < 0.05; Extended DataFig.1jand Supplementary Table 3). More-
over, fatty acid metabolism genes distinguished dermal from oral and
lung fibroblasts (Extended Data Fig. 1k).

We next hypothesized that thelipid transcriptional differencesin
oral, lung and dermal fibroblasts could translate to distinctlipid secre-
tory profiles driving cancer”, so we performed lipidomic analyses.
We compared the secretory lipid profile of adult fibroblasts from

distinct anatomic sites (dermal, oral and lung), which revealed that
oral and lung fibroblasts secreted more lipids than dermal fibroblasts;
furthermore, oral, lung and dermal fibroblasts secreted distinct lipid
species (Fig. 2b and Supplementary Table 4). Lung fibroblasts secreted
the most TGs (Fig. 2¢), while oral fibroblasts secreted the most SMs
(Fig.2d). We validated tissue-specific lipid patternsin mouse samples
(Supplementary Fig.1-3).

Cancer cells exploit lipid metabolism**%, so we tested whether
lipids secreted by fibroblasts drive SCC invasion. For this, we stripped
lipids from fibroblast secretomes with Cleanascite, then exposed
SCC spheroids to lipid-stripped secretomes. This established that
lipid-stripped oral and lung fibroblast secretomes lost the abil-
ity to drive SCC invasion. Importantly, stripping lipids from der-
mal fibroblast secretomes had no impact on visceral SCC invasion
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(Fig. 2e-g), and Cleanascite had no negative impact on cell viability
(Extended Data Fig. 11,m). Thus, these data show that lipids secreted
by oral and lung fibroblasts drive SCC invasion.

Oral fibroblast SMs drive oSCCinvasion

Lipidomic analysis showed oral fibroblasts secrete SMs, which are active
signalling sphingolipids involved in key cell functions: cell death, prolif-
eration and migration®®. SMs can be metabolized to ceramide via sphin-
gomyelinase enzymes and, subsequently, ceramides are converted to
sphingosine and sphingosine-1-phosphate (S1P; Fig. 3a). S1IPis an estab-
lished driver of metastasis®**°, so we hypothesized that oral fibroblasts
secrete SMs, which could drive oSCC invasion via S1P. To test this, we
exposed 0SCC spheroids to exogenous SMs, which confirmed SMs drive
oSCC invasion (Fig. 3b). Conversely, inhibition of sphingomyelinase
with imipramine significantly reduced SCC invasion after exogenous
SMs and oral fibroblast secretome exposure (Fig. 3b,c). Similarly, the
sphingomyelinase inhibitors ARC39 and ceramidase inhibitor (car-
mofur) also reduced invasion significantly (Extended Data Fig. 2a,b),
further confirming the role of SM breakdown in invasion.

Next, we tested whether sphingosine kinase 1and 2 (SPHK1 and
SPHK2), which phosphorylate sphingosine to SIP*, mediate 0SCC
invasion after SM exposure. We found that SPHK1inhibition decreased
oSCC invasion significantly, while SPHK2 inhibition had no effect.
Additionally, exogenous S1P increased oSCC invasion and rescued
invasion after sphingomyelinase and SPHK1 inhibition (Fig. 3c,d and
Extended Data Fig. 2¢,d). To confirm that oral fibroblast secretomes
increase intracellular S1P in oSCC, we performed S1IP immunofluo-
rescence staining, which validated that oral fibroblast secretome
exposure increased intracellular S1IP in 0SCC, in contrast to dermal
fibroblast secretome, which did not increase S1P (Fig. 3e,f). Addi-
tionally, inhibition of SIP receptor 1 (S1PR1) significantly decreased
secretome-induced oSCC invasion (Fig. 3g). Given that invasion and
proliferation are ofteninversely correlated, particularly during EMT, we
verified that SM treatment did not significantly increase proliferation
of 0SCC (Extended Data Fig. 2e). Taken together, these data indicate
that oral fibroblasts secrete SM, which induces invasion via the SM—
ceramide-SIP pathwayin oSCC.

Next, we examined the predicted upstream regulators of the
genes that were highly expressed in SCC cells after oral fibroblast
secretome exposure. This analysis predicted activation of SPHKI,
S1Panditsreceptor SIPR3, as well as their downstream targets NF-kB,
AKT and STAT3, in oral fibroblast-exposed oSCC. Importantly, S1P

targets included EMT genes previously identified to be differentially
expressed in SCC celllines (Supplementary Table 5). To mechanistically
test these observations, we quantified oSCC invasion following the
pharmacologicalinhibition of STAT3, NF-kB or AKT. Inhibition of STAT3
or NF-kB, but not AKT, markedly suppressed oSCC invasive behav-
iour (Fig. 3h). Immunoblotting for phosphorylated STAT3 (pSTAT3)
further confirmed activation of the SM-S1P-STAT3 axis in oSCC cells
exposed to oral fibroblast secretomes. Inhibition of SPHK1 with PF543
reduced pSTAT3 insecretome-treated oSCC cells, and this suppression
was rescued by exogenous S1P. Consistently, blockade of S1PR1 or
STAT3 also lowered pSTAT3 levels (Fig. 3i and Extended Data Fig. 2f,g).
Notably, STAT3 inhibition significantly attenuated the induction of
canonical EMT-associated genes in secretome-treated oSCC cells
(Extended DataFig. 2h).

EMT, cell migration and invasion have high energy demands,
so we next tested whether exposure to oral fibroblast secretomes
increases energy productionin oSCC. For this, we quantified oxidative
phosphorylation (OXPHOS) in 0SCC cells exposed to oral fibroblast
secretomes, exogenous SM and S1P, which increased OXPHOS and ATP
production (Fig. 3j and Extended DataFig.2i-m). Theincrease in respi-
ration was due to increased mitochondrial activity and not increased
abundance of mitochondria (Fig. 3k,| and Extended Data Fig. 2n).
Importantly, exposure to lipid-stripped oral fibroblast secretomes
decreased OXPHOS in 0SCC cells profoundly, suggesting lipids taken
up by oSCC cells impact OXPHOS. Moreover, both imipramine and
STAT3inhibitors prevented secretome-induced increases in OXPHOS,
and the addition of SIP to lipid-stripped or imipramine-containing
oral fibroblast secretomes restored OXPHOS induction (Fig. 3m and
Extended Data Fig. 20). Taken together, these data show that the oral
fibroblast lipidome??, and specifically SM, increase 0SCC respiration
andinvasion by activating the SM-ceramide-S1P-STAT3 signalling axis.

To test whether fibroblasts promote 0oSCC progression and pro-
liferation in vivo, we injected human oSCC cells alone or combined
with either dermal or oral fibroblasts (0SCC tumours, 0SCC + dermal
FB tumours, oSCC + oral FB tumours) into the subcutaneous flanks of
NSG mice. This revealed that oSCC + oral FB tumours had enhanced
growth and proliferation compared to oSCC tumours, or oSCC +dermal
FB tumours (Fig.3n,0 and Extended DataFig. 3a,b). Critically, animals
with 0SCC + oral FB tumours had ashorter overall survival (Fig. 3p and
Extended DataFig. 3c). To validate the role of tumour SM metabolism
in vivo, we treated mice injected with oSCC + oral FB tumours with
imipramine, which significantly reduced tumour growth, and resulted

Fig. 3| Oral fibroblasts secrete SMs to drive 0SCC invasion. a, SM metabolic
pathway and inhibitors targeting enzymes. b-d, Spheroid invasion of 0SCC
with control media (grey), 5 pM SM (blue) or 5 pM SM and 20 pM imipramine
(yellow) (b), oral FB secretomes (grey), with 20 uM imipramine (blue) or 20 uM
imipramine and 2 pM S1P (yellow) (c) and oral FB secretomes (grey), with

2 UM PF543 (blue) or 2 uM PF543 and 2 pM S1P (d) (two-sided Mann-Whitney
U-test, n = 6 replicates, two cell lines, two independent experiments). e, S1IP
immunofluorescence quantification of FADU control (grey), dermal (yellow)
and oral (blue) FB secretomes (two-sided Mann-Whitney U-test, n = 6 replicates,
three independent FB secretomes). f, Inmunofluorescence images of FADU +
dermal (left) or oral (right) FB secretomes; blue, Hoechst; orange, phalloidin;
green, SIP; scale bar, 20 pm (representative images from n = 6 biologically
independent wells). g, Spheroid invasion of oSCC cells treated with oral FB
secretomes (grey) with 5 uM S1PR1inhibitor (S1PR1i, ponesimod, blue) or 10 uM
S1PR3inhibitor (SIPR3i, TY-52156, yellow; Kruskal-Wallis, Dunn’s multiple
comparisons, n=>5replicates). h, Spheroid invasion of oSCC treated with oral FB
secretomes (grey) with 20 pM STAT3 inhibitor (STAT3i, STX-0119, blue),

10 pM NF-kB inhibitor (NF-kBi; JSH-23, yellow) or 2 uM AKT inhibitor (AKTi;
MK-2206, red; Kruskal-Wallis, Dunn’s multiple comparisons, n = 5 replicates).

i, Western blot of STAT3, phospho-STAT3™7%, B-actin in oSCC (FADU) + dermal
or oral FBsecretomes, +PF543, S1P rescue, SIPR1inhibitor (ponesimod) or STAT3
inhibitor (STX-0119); numbers represent normalized pSTAT3 to total STAT3 fold
change relative to oral FB secretomes, run on separate blots with independent

loading controls under identical conditions (western blots representative of
two independent experiments). j, 0SCC basal respiration in oSCC cells treated
withoral FB secretomes + lipid stripping (Cleanascite, blue, 24 h; OCR, oxygen
consumption rate; n =24 replicates in two cell lines treated with three FB
secretomes, two independent experiments, two-sided Mann-Whitney U-test).
k, Mitochondrial activity in oSCC cell lines treated with oral FB secretomes
(blue) measured by membrane potential-dependent immunofluorescence
(two-sided Mann-Whitney U-test, n = 8 replicates, two independent cell lines).

1, Mitochondrial abundance in oSCC cell lines treated with oral FB secretomes
(blue) measured by immunofluorescence (two-sided Mann-Whitney U-test,
n=_8replicates, two independent cell lines). m, Basal respiration in oSCC cells
treated with combinations of oral FB secretomes, 20 pM imipramine, 2 pM S1P
or 20 pM STAT3i (STX-0119; n = Sindependent replicates, two-sided Mann-
Whitney U-test). n, Subcutaneous tumour growth rate in NSG mice injected with
0SCCUMSCCO1 (grey), UMSCCO1 + dermal FBs (0SCC + dermal FB, yellow) or
UMSCCOL1 +oral FBs (0SCC + oral FB, blue; two-sided Mann-Whitney U-test,n=7
per group). o, Ki67 proliferation quantificationin oSCC (grey), oSCC + dermal FB
(yellow) and oSCC + oral FBs (blue) tumours (two-sided Mann-Whitney U-test,
n=14,two measurements per tumour). p, Kaplan-Meier survival curve of 0SCC
(black) and oSCC + oral FBs (blue; n = 7 per group, two-sided Mantel-Cox test).
Box plots show minimum to maximum values (error bars), the box indicates 25th
and 75th percentiles, and the line denotes the median.
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infewer lung metastases compared to untreated, tumour-bearing mice
(Extended Data Fig.3d-h). Additionally, we generated shSPHK1 0SCC
celllines, whichexpressed lower levels of SPHK1 and were less invasive
thanshCtrl oSCClines (Extended DataFig. 3i-k). To test the relevance of
the pathway invivo, we co-injected oral fibroblasts with shSPHK1 0SCC
cells or shCtrl oSCC cells into the flanks of NSG mice, leading to oral
FB + shSPHK1 oSCC and oral FB + shCtrl oSCC tumours. This revealed
that oral FB + shSPHK1 oSCC tumours developed fewer lung metasta-
ses compared to animals with oral FB + shCtrl oSCC tumours, despite
a similar rate of primary tumour growth (Extended Data Fig. 31-n).
Takentogether, these dataindicate that the SM—ceramide-S1P-STAT3
signalling axis, imposed by fibroblast lipid cues on 0SCC, drives tumour
invasion and metastasis.

Oral fibroblast lipids impact 0SCC progression
and outcome in humans

We next hypothesized that resident tissue-specific fibroblasts
impact early-stage in situ SCC progression to invasive SCC in humans
and tested whether SM signalling impacts early-stage human oSCC.
For this, we compared the expression of sphingolipid metabolic
pathways in oral premalignant tissue and oSCC, and their respec-
tive adjacent tissues®. This comparison showed that S1P (Fig. 4a)
and TNF/EMT (Extended Data Fig. 4a) signalling genes, which
we found upregulated by oral fibroblast secretome exposure in
0SCC cells, are significantly correlated (Fig. 4b); crucially, their
expression increases with progression from premalignant stages
to established oSCC. Furthermore, sphingolipid synthesis genes
were also expressed significantly higher in oSCC tumour-adjacent
tissue (Fig. 4c), supporting a role for tumour-adjacent stromal SM
synthesis and provision. The upregulation of sphingolipid metabo-
lism and key genes in the pathway was further validated in asecond,
independent cohort of 0SCC (Fig. 4d and Extended Data Fig. 4b).
Finally, The Cancer Genome Atlas (TCGA) Head and Neck Squamous
Cell Carcinoma (HNSCC) primary tumour cohort confirmed that the
TNF/EMT gene signature in oSCC cells is prognostic of poor overall
survival (Fig. 4e), and S1P signalling significantly correlated with
fibroblast signatures (Extended Data Fig. 4c).

Subsequently, we explored the spatial relationship between
oral fibroblasts and oSCC tumour cells. For this, we performed
spatial transcriptomics (Visium 10x Genomics) of an oSCC tumour
(Fig. 4f). Deconvolution analysis revealed distinct tissue biology

clustersincluding fibroblasts, salivary glands, macrophages and epi-
thelial cells (Extended Data Fig. 4d-g and Supplementary Table 6). We
compared thetranscriptional programmes at the interface betweenthe
invasive leading edge of the 0SCC (Fig. 4g) and the tumour-adjacent
fibroblasts (Fig. 4h), which confirmed that tumour cells in physical
proximity to fibroblasts at the invasive edge of the tumour had a higher
expression of TNF/EMT genes. In contrast, tumour cells that were
at greater distances from fibroblasts expressed lower levels of TNF/
EMT genes; furthermore, gene expression of the SIP-STAT3 signalling
pathway followed a similar gradient, strongest at the invasive edge
near fibroblasts, and decreasing with distance (Fig. 4i-k). Spatial gene
expression patterns were validated in a second oSCC tumour (Fig. 41
and Extended DataFig. 4h,i), which confirmed that SIP gene expression
and TNF-EMT programmes were significantly higher in fibroblast-rich
tumour areas (Fig. 4m-s). Importantly, other lipid metabolic pathways
linked to malignant progressioninother SCCs, suchas TG metabolism,
were not the principal lipid metabolic pathways expressed in 0SCC
(Extended DataFig. 4j-m).

Cancer-associated fibroblasts (CAFs) maintain lipid homeostasis
in the pancreatic tumour microenvironment***, so we next examined
whether the lipid signatures in tissue-resident fibroblasts are main-
tained with CAF activation. We first co-cultured oSCC cells with adult
oral fibroblasts, which led to oral fibroblast activation, validated via
upregulation of the CAF marker interleukin-6 (Extended DataFig.4n,0)
and atrend towards increased SM secretion (Fig. 4t). Additionally, we
found SM biosynthesis expression was upregulated in CAFs from oSCC
human tumours compared to normal oral fibroblasts (Fig. 4u). Next, we
explored fibroblast heterogeneity in our oSCC spatial transcriptomic
tumours. For this, we extracted fibroblast single-cell RNA-sequencing
data from HNSCC tumours, metastases, premalignant oral lesions
(leukoplakia) and normal oral tissue (Extended Data Fig. 5a-d), and we
then determined the top marker genes representing each fibroblast
subpopulation (Extended Data Fig. 5e and Supplementary Table 7).
Fibroblast-subtype signatures were then projected onto our spatial
samples (Extended Data Fig. 5f,g), which revealed fibroblasts in human
oSCCare highly heterogenous, with prominent representation of both
normal (cluster 2) and CAF (cluster 4) populations within tumours
and within invasion-rich tumour areas. Notably, the CAF population
alsolocalized to tumour areas with the highest TNF-EMT and SM gene
signatures, indicating CAFs may further contribute to lipid-mediated
invasion. Thus, these data show in human oSCC that tissue-resident

Fig.4|SM metabolism impacts 0SCC progression and outcomes. a, Single-
sample gene-set enrichment analysis (ssGSEA) of S1P regulated genes in oral
premalignant tissue (PM, n =9 biological replicates), oSCC (n = 11 biological
replicates) and matched normal adjacent tissue (GSE202048, two-sided Mann-
Whitney U-test) b, Two-sided Pearson correlation between S1P genes and TNF-
EMT genes in PM tissue (n = 9 biological replicates) and oSCC (n =11 biological
replicates). ¢, ssGSEA of sphingolipid synthesis genes in oSCC and matched
adjacent tissue (two-sided Mann-Whitney U-test, n = 11 biological replicates).
d, ssGSEA of sphingolipid metabolism genes in oSCC and normal matched
tissue (GSE186775, n =17 biological replicates, two-sided Mann-Whitney U-test).
e, Hazard ratio (HR; centre, square) and 95% confidence interval (CI; bars) of
overall survival in two-sided multivariate Cox regression of TNF-EMT gene
signature expression adjusted for stage, age and gender in the primary HNSCC
cohort of the TCGA (n = 505 biological replicates; P values were derived from
two-sided Wald tests). f, Human oSCC tumour H&E stain (n = 2 independent
tumours analysed, one section per tumour; dashed lines represent invasive
front stroma separating tumour, bottom, from normal tissue, top; scale bar,
1mm).g,h, Corresponding spatial transcriptional expression of epithelial cell
signatures (g) and spatial fibroblast signatures (h) at the invasive front of the
0SCC tumour. Colour denotes the proportion of each spot represented by the
signature (blue, low; red, high). i, Correlation between TNF-EMT signature
score in the epithelial compartment and the distance to fibroblasts (two-sided
Pearson correlation, R =-0.41, P < 0.0001; points denote individual spatial
spots, n=2,053). j, Spatial expression of TNF-EMT genes in the epithelial tumour

compartment. Colour denotes the expression of the signature (blue, low; red,
high). k, Spatial expression of SIP target genes in the epithelial compartment of
the tumour. Colour denotes the expression of the signature (blue, low; red, high).
1, Second human oSCC tumour H&E stain (n = 2independent tumours analysed,
onesection per tumour; scale bar,1 mm). m,n, Spatial transcriptional expression
of epithelial cell signatures (m) and spatial fibroblast signatures (n). Colour
denotes the proportion of each spot represented by the signature (blue, low;
red, high). 0, 0SCC tumour region clustered by regions enriched for fibroblasts
(green), with low fibroblasts (blue) or absent fibroblasts (red) by fibroblast
signature expression level. p, Expression of SIP regulated genes in the 0SCC
tumour by fibroblast clusters (Kruskal-Wallis, Dunn’s multiple comparisons; FB
absent: n=2,205,FBlow: n=1,430, FB enriched: n=900). q,r, Spatial expression
of S1P regulated genes (q) and TNF-EMT signature in the second oSCC tumour
(r).Blue, low; red, high.s, Correlation between S1P and TNF-EMT genes in the
epithelial compartment of the 0SCC tumour (two-sided Pearson correlation,
n=4,535).t, Quantification of SMin the secretomes of normal oral fibroblasts
(control, grey) and oral fibroblasts co-cultured with oSCC cells (co-culture, blue;
two-sided Mann-Whitney U-test, n = 9 biological replicates). u, ssGSEA score of
SM synthesis genes in a dataset of normal oral fibroblasts (grey) and CAFs (blue)
fromindividuals with oSCC (GSE135975; two-sided Mann-Whitney U-test, normal
FB: n=3biological replicates, CAFs: n = 8 biological replicates). Box plots show
the minimum to maximum values (error bars), the box shows the 25th and 75th
percentiles, and the line indicates the median.
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fibroblasts and CAFs are spatially associated with lipid signalling path-
ways linked to oSCC invasion.

Lung fibroblasts transfer TGs to drive luSCC
invasion

Lung fibroblasts produce and secrete TGs and strongly promote SCC
invasion (Figs. 1 and 2f). To study whether TGs drive luSCC invasion,
we first measured TG content in resident fibroblasts with two fluo-
rescent dyes that bind neutral lipids (BODIPY and LipidSpot). Quan-
tification of lipid droplets, the organelles that store TGs, confirmed
that lung fibroblasts contained significantly more lipid droplets than
fibroblasts from other sites (Fig. 5a,b and Extended Data Fig. 6a,b).
To rule out the possibility that lipid droplets in cultured fibroblasts
arise due to cellular stress, we confirmed that lung fibroblasts do not
display higher levels of reactive oxygen species (ROS) compared to
other fibroblasts. Moreover, treatment of lung fibroblasts with the
antioxidant N-acetyl-L-cysteine in vitro did not alter the lipid droplet
content (Extended Data Fig. 6¢,d). We then examined the effect of
BODIPY-stained fibroblast secretomes on SCC and found that TG-rich
lung fibroblasts transfer significantly more neutral lipids to SCC cells
than TG-poor oral and dermal fibroblasts (Fig. 5c—f).

Mechanistically, we explored whether raising TG content in dermal
fibroblasts could drive SCCinvasion. For this, we cultured dermal fibro-
blasts, which are naturally low in TGs (Fig. 2f), in fatty acid-enriched
media (50 pM oleic acid, 100 pM palmitic acid) to increase the syn-
thesis of lipid droplets. This culture media significantly increased
lipid dropletsin dermal and lung fibroblasts (Fig. 5g). However, higher
lipid droplet content in dermal fibroblasts did not lead to increased
secretion of TGs (Extended Data Fig. 6e), nor greater lipid transfer to
SCC cells (Fig. 5h), nor greater SCC invasion (Extended Data Fig. 6f),
showing that fibroblast lipid production alone does not enhance lipid
transfer and SCC invasion. To explore this further, we compared the
expression of lipid transport genes and found that lipid transport
genes are differentially expressed in dermal, oral and lung fibroblasts.
Specifically, lung fibroblasts highly express apolipoprotein genes
(Extended Data Fig. 6g,h) compared to dermal fibroblasts, which could
explainwhy agreater TG content in dermal fibroblasts does notlead to
greater lipid transfer to SCC and invasion. To test whether apolipopro-
teins, such as apolipoprotein E (APOE), transport TGs from lung fibro-
blasts to the extracellular space, we performed immunofluorescencein
lung fibroblasts to show APOE was expressed and colocalized with lipid
droplets (Extended Data Fig. 6i) and found lung fibroblast secretomes
contained significantly higher levels of secreted APOE (Fig. 5i). To
validate fibroblast APOE transports TGs to SCC, we extracted lung
fibroblasts fromwild-type and Apoe” mice and compared TG content
and transfer. We found that while wild-type and Apoe™ fibroblasts had

asimilar TG content, Apoe™ fibroblasts transferred significantly fewer
lipids toluSCCcells, in keeping with the lower ability to transport lipids
tothe extracellular space (Extended Data Fig. 6j,k). These datasupport
that fibroblast TGs require transport proteins to mediate their transfer
to SCCcells, and transport proteins are expressed in lung fibroblasts,
but not dermal fibroblasts, fuelling luSCC invasion.

Totesttherole of lungfibroblast TG synthesis in luSCC invasion, we
treated fibroblasts with triacsin C, along-chain fatty acid acyl-CoA syn-
thetaseinhibitor that inhibits the formation of fatty acyl-CoA, the first
step inthe TG synthesis pathway. Triacsin C significantly reduced the
number of lipid droplets in lung fibroblasts (Fig. 5j,k) and the amount
of TGsintheir secretomes (Extended Data Fig. 61). Thisresulted in sig-
nificantly less transfer of TGs to luSCC (Extended Data Fig. 6m,n) and
significantly reduced luSCC invasion (Fig. 51). Taken together, these
data show lung fibroblasts produce more TGs and lipid droplets than
dermal and oral fibroblasts, and transfer TGs to luSCC to drive invasion.

To study how TGs taken up by luSCC cells promote invasion, we
hypothesized that lung cancer cells could break down TGs to FAs for
energy use, using adipose triglyceride lipase (ATGL), generating metab-
olitesin the process that could activate oncogenic pathways*. There-
fore, wefirst testedif lung fibroblast-induced luSCCinvasionrequires
the breakdown of TGs. For this, we inhibited ATGL in luSCC cells with
atglistatin and found inhibition of ATGL significantly reduced [uSCC
invasion after lung fibroblast exposure, which was partially recovered
with addition of exogenous fatty acids (Fig. 5m,n). Fatty acids derived
from TGs can be used to increase OXPHOS?, so we next examined the
impact of fibroblast secretomes on luSCC respiration. Intriguingly,
fibroblast secretomes had noimpact on OXPHOS, and luSCC OXPHOS
was not correlated with luSCC invasion. Furthermore, the removal of
lipids from fibroblast secretomes did not impact respiration (Fig. 50
and Extended Data Fig. 60), indicating that fibroblast lipids in luSCC
arenot used for OXPHOS.

To investigate how TGs promote luSCC invasion, we examined
pathway-level transcriptional changes in luSCC cells exposed to
lung fibroblast secretomes. Remarkably, cholesterol biosynthesis
emerged as the most significantly upregulated pathway (Fig. 6a and
Supplementary Tables 8 and 9), consistent with prior reports implicat-
ing cholesterol synthesis in tumour invasion®*°, To confirm activa-
tion of the cholesterol production pathway, we assessed activation
of SREBP2, the master transcriptional regulator of this pathway. Lung
fibroblast secretome exposure increased total cellular cholesterol
(Fig. 6b) and induced SREBP2 activation and nuclear translocationin
luSCC cells (Extended Data Fig. 7a,b). Because cholesterol synthesis
depends on acetyl-CoA, which can be supplied by fatty acid metabo-
lism downstream of TG hydrolysis*, we tested whether blocking TG
breakdown would affect this pathway. Consistent with this model, ATGL

Fig. 5| Lung fibroblasts transfer TGs to drive aggressive luSCC. a,b, Fibroblast
lipid droplet quantification (a) (Kruskal-Wallis, Dunn’s multiple comparisons,
n=9,threereplicates, three cell lines per group) and immunofluorescence (b):
red, LipidSpot, blue, Hoechst. Scale bars, 25 um. c-e, Quantification of fibroblast
BODIPY-labelled lipids transferred to SCC cells through secretomes (IC19) (c),
FADU (d) and SKMESI (e) (Kruskal-Wallis, Dunn’s multiple comparisons, n = 6
replicates, two fibroblast secretomes). f, Immunofluorescence images from
¢cSCCcellline IC19 treated with BODIPY-labelled dermal fibroblast (left), oral
fibroblast (middle) and lung fibroblast (right) secretomes. Green, BODIPY; blue,
Hoechst. Scale bar, 25 um. g, Lipid droplets in dermal and lung fibroblasts after
50 pM oleic acid and 100 pM palmitic acid supplementation (two-sided Mann-
Whitney U-test, n = Sreplicates per cell line). h, BODIPY lipids transferred from
dermal fibroblasts (grey) and fatty acid (FA)-supplemented dermal fibroblasts
(red) to cSCC and luSCC (two-sided Mann-Whitney U-test, n = 8 replicates across
two celllines per group). i, APOE in dermal (yellow), oral (blue) and lung (red)
fibroblast secretomes (Kruskal-Wallis, Dunn’s multiple comparisons, n = 6, two
measurements, three fibroblast secretomes). j, Immunofluorescence of lipid
dropletsin control lung fibroblasts (left) and after treatment with 10 pM long-
chain acyl-CoA synthetase (ACSL) inhibitor triacsin C (right). Red, LipidSpot;

blue, Hoechst. Scale bars, 25 um. k, Quantification of lipid droplets

inlung fibroblasts after treatment with 5 pM and 10 pM triacsin C
(Kruskal-Wallis, Dunn’s multiple comparisons, n = 10 biological replicates).

1, Spheroid invasion of luSCC exposed to secretomes of lung fibroblasts treated
with10 pM triacsin C (two-sided Mann-Whitney U-test, n = 6 replicates per cell
line). m, luSCC (SKMES]) spheroid invasion treated with 50 pM atglistatin (red)
and vehicle control (grey) and dermal or lung fibroblast secretomes (two-sided
Mann-Whitney U-test, n = 8 replicate spheroids treated with two independent
secretomes per group). n, [luSCC spheroid invasion treated with lung fibroblast
secretomes, with the secretomes containing 50 pM atglistatin (blue, ATGLi)
and rescued with addition of fatty acids (50 pM oleic acid and 100 pM palmitic
acid, PA:OA, yellow; 50 uM heneicosanoic acid (HA), red; 50 pM nervonic acid
(NA), purple; Kruskal-Wallis, Dunn’s multiple comparisons, n = 6 replicates).
0, Basal respiration of luSCC treated with fibroblast secretomes and with and
without lipid stripping by Cleanascite (red; n = 24 replicates, two cell lines,
three fibroblast secretomes, two experiments, Kruskal-Wallis). Box plots show
minimum to maximum values (error bars), the box indicates the 25th and 75th
percentiles, and the line denotes the median.
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inhibition prevented theincrease in cholesterol production observed Tofurther assess the link between invasion and cholesterol synthe-
after lung fibroblast exposure (Fig. 6b). These data show cholesterol  sisinluSCC, wetreated luSCC cells with atorvastatin, a cholesterol syn-
synthesis in luSCC cells requires the breakdown of TGs that are trans-  thesisinhibitor, which significantly decreased lung fibroblast-induced

ferred from lung fibroblasts. invasionand proliferationinluSCC cells. Critically luSCCinvasion could
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berestored by the addition of mevalonate, the intermediate metabolite
inthe cholesterol synthesis pathway, which sits downstream of the key
rate-limitingenzyme HMG-CoAreductase, the target of statins (Fig. 6c—e
and Extended DataFig. 7c). These data show that lung fibroblasts trans-
fer TGs to luSCC cells, and TG breakdown is required for cholesterol
synthesis and luSCC invasion. Inhibition of the cholesterol synthesis
pathway decreases luSCC invasion in vitro. To confirm the role of cho-
lesterol synthesis in luSCC progressioninvivo, we tested whether statins
(atorvastatin) inhibit luSCCin animal luSCC tumours. For this, we devel-
oped tumours injecting luSCC cells alone, or tumours by co-injecting
luSCC cellsand fibroblasts (luSCC +lung FB) into the flanks of NSG mice
onoral atorvastatin. This confirmed that animals with luSCC +lung FB
tumours had reduced survival compared to animals with luSCC tumours
alone; critically, atorvastatin significantly decreased luSCC + lung FB
tumour growth and improved survival, while having noimpactonluSCC
tumours alone (Fig. 6f and Extended Data Fig. 7d,e).

Lung fibroblast lipid metabolism impacts
early-stage luSCC development and outcome
Tostudy theimpact of fibroblast programmes in human [uSCC, we com-
pared molecular datasets of established luSCC to early-stage luSCC,
focusingonlipid and cholesterol metabolism. Specifically, we studied
the lipid metabolic pathwaysin bronchial premalignancy, dysplasiaand
insitu and invasive luSCC, which confirmed a progressive increase in
cholesterol synthesis gene expression with histological disease progres-
sion (Fig. 6g). To further validate that lipid metabolism contributes to
luSCC progression, we next compared lipid metabolism pathways in
early-stage in situ SCC that progressed to invasive SCC, to in situ SCC
that regressed. This confirmed a significantly higher expression of
cholesterol genes expressed in in situ lesions that progressed to SCC
compared toinsitu lesions that regressed (Fig. 6h).

To test the impact of lipid metabolism on established luSCC
lesions, we explored the correlation between lipid droplets, fibroblast
programmes and patient outcomes in human luSCC. This revealed
that gene expression of the lipid droplet-associated protein PLIN2 is
correlated to fibroblast signatures, and this was confirmed inasecond
human luSCC cohort (Fig. 6i,j). Given that hypoxia can induce lipid
droplet formation, we examined whether PLIN2 expression corre-
lated with hypoxic signalling. In the TCGA cohort, PLIN2 showed no

association with hypoxia and, although a small but significant cor-
relation was observed in the TRACERx dataset, it was weaker than the
association with fibroblast-related signatures (Extended Data Fig. 7f,g).
Critically, higher PLIN2 expression significantly predicts worse overall
survival in TCGA (Fig. 6k), and a fibroblast signature in the TRACERx
lung cohortis strongly correlated with tumour progression (Fig. 61) and
poor overallsurvival (Extended DataFig. 7h). Additionally, higher ATGL
expression (PNPL2A) in luSCC, which is linked to TG breakdown, cor-
related with shorter disease-free survival (Fig. 6m,n) and worse overall
survival in both cohorts (Extended Data Fig. 7i,j). These data collec-
tively indicate genesinvolved in fibroblast and lipid metabolism, lipid
droplets and cholesterol synthesis are associated with luSCC outcome.

To explore the spatial relationship between fibroblasts and luSCC
in humans, we performed spatial transcriptomics of an early-stage
luSCC tumour (Visium 10x Genomics; Fig. 7a). Deconvolution analysis
revealed ten distinct cell-type signatures, which could be broadly cat-
egorized into epithelial, stromal, alveolar, goblet, pleural and plasma
cells (Fig. 7b,c, Extended Data Fig. 8a and Supplementary Table 10).
While the stromal signature was enriched for endothelial, smooth mus-
cleandfibroblastgenes, the fibroblast markers were primarily enriched
withinthe tumour compared to endothelial and smooth muscle mark-
ers, which were localized to blood vessels in tumour-adjacent tissue.
Thesespatial distributionsindicate that the predominant stromal signa-
tureinthe tumourisderived from fibroblasts (Extended DataFig. 8b,c).
We next confirmed that genes related to TG breakdown and cholesterol
synthesis were significantly higher in the tumour cluster thanin the sur-
rounding adjacenttissue (Fig. 7d-f) and, strikingly, where fibroblasts
clustered with epithelial cells (cluster 7), we observed significant gene
enrichment of cholesterol metabolism and EMT pathways (Fig. 7g
and Supplementary Table 11). We validated these findings spatially
in a second luSCC tumour (Fig. 7h). Implementing deconvolution of
cell-type signatures (Extended Data Fig. 8d-g), we generated sample
clustersintumour regions containing epithelial cells, as well as stromal
regions containing fibroblast, macrophage, endothelial and alveolar
signatures (Fig. 7i). This confirmed that TG breakdown and choles-
terol synthesis pathway genes were more highly expressed in tumour
regions (Fig. 7j,k and Extended Data Fig. 8h,i). Two epithelial clusters
displayed higher cholesterol synthesis gene signatures (clusters1and 3;
Fig.71),and afurther examination of the pathways that were enriched

Fig. 6 | Lung fibroblast TGs fuel cholesterol synthesis in luSCC. a, Pathways
enriched for genes differentially expressed in luSCC cell line SKMES1 after
treatment with lung fibroblast secretomes. Colour represents significance

of enrichment (right-tailed Fisher’s exact test). z-score represents predicted
pathway acitvation (positive indicates activated, negative indicates inhibited).
Dot ssize represents gene ratio (proportion of pathway genes presentin the
dataset). b, Cholesterol in luSCC cell lines treated with control media, lung
fibroblast secretomes (lung FB sec) and lung fibroblast secretomes with ATGLi
(two-sided Mann-Whitney U-test, n = 24 independent measurements of two
celllines treated with three independent fibroblast secretome). ¢, Spheroid
invasion of luSCC (H520) treated with lung fibroblast secretomes with 5 uM
statin (atorvastatin) or vehicle control (two-sided Mann-Whitney U-test, n =15
replicate spheroids treated with three independent secretomes per group).

d, Spheroid invasion of luSCC (SKMES]) treated with lung fibroblast secretomes,
adding 5 pM statin (red) to the secretomes and rescued with 500 uM mevalonate
(purple; Kruskal-Wallis, Dunn’s multiple comparisons, control: n = 4 replicate
spheroids, statin: n = 6 replicate spheroids). e, LuSCC cell proliferationin
control DMEM, lung fibroblast secretomes with statin (atorvastatin) or vehicle
control (mixed-effect general linear model, data represent the mean and
standard error, control n = 8 independent measurements of two cell lines, lung
fibroblast n =24 independent measurements of two cell lines treated with three
independent fibroblast secretomes). f, Kaplan-Meier survival curve of NSG mice
subcutaneously injected with luSCC cell line SKMES1 alone (solid black line,
n=7),co-injected with SKMES1 and lung fibroblasts (luSCC +lung FB, solid red
line, n=7) and co-injected with SKMES1 and lung fibroblasts and treated with
atorvastatin (20 mg per kg body weight; luSCC + Lung FB + statin, broken red

line, n = 8; two-sided Mantel-Cox test, luSCC + Lung FB versus [luSCC + Lung FB +
Statin: P=0.04). g, Average expression of genes in cholesterol synthesis pathway
inlung bronchial biopsy samples across lung cancer stages (GSE33479, normal
n=27biological replicates, hyperplasia n = 15biological replicates, metaplasia
n=15biological replicates, dysplasia n = 38 biological replicates, carcinomain
situn =13 biological replicates, SCC n =14 biological replicates). h, ssGSEA score
of cholesterol synthesis pathway in lung carcinomain situ samples that regressed
(blue) or progressed (red) to invasive luSCC (GSE94611, two-sided Mann-
Whitney U-test, regressive n =16, progressive n =17).1, Correlation between PLIN2
gene expression (log,RSEM) and fibroblast score in TCGA Lung Squamous Cell
Carcinoma (LUSC) cohort (two-sided Pearson correlation, R=0.32, P< 0.0001,
n=>501).j, Correlation between PLIN2 gene expression (normalized counts) and
fibroblast score in the TRACERx IluSCC cohort (two-sided Pearson correlation,
R=0.32,P<0.0001, n=295).k, Kaplan-Meier curve of overall survival in

the LUSC TCGA cohort based on expression of PLIN2 relative to the median
expression (two-sided log-rank test, P= 0.043, n = 501). 1, Kaplan-Meier curve of
disease-free survival in the TRACERx luSCC cohort based on fibroblast signature
score relative to the median (two-sided log-rank test, P= 0.001, n = 295).

m, Kaplan-Meier curve of progression-free survival in the LUSC TCGA cohort
based on expression of PNPLA2 (ATGL) relative to the median expression (two-
sided log-rank test, P= 0.04, n=501). n, Kaplan-Meier of disease-free survival in
TRACERX IuSCC cohort based on the expression of PNPLA2 (ATGL) relative to the
median expression (two-sided log-rank test, P= 0.02, n = 295). The box plots show
the minimum to maximum values (error bars), boxes indicate the 25th and 75th
percentiles, and the line indicates the median. Bar plots show the mean + s.e.m.
Data pointsin the line graphs represent the mean + s.e.m. (error bars).
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Fig. 7| Spatial mapping of cholesterol synthesis in luSCC tumour regions
with colocalization of epithelial cancer cells and fibroblasts. a, H&E stain of
luSCC tumour for spatial transcriptomics (n = 2 independent tumours analysed,
one section per tumour; scale bar,1 mm). b, Colour map of gene expression-
based clusters representing distinct spatial transcriptional signatures in
luSCC. ¢, Heat map showing overlap between clusters (rows) and cell-type
signatures (columns) in luSCC spatial transcriptomics. Colour scale represents
z-scaled signature score (blue, low; red, high). d, Clusters illustrating epithelial
tumour signature cluster (blue) and adjacent tissue (red) based on cell-type
signature clustering. e, Quantification of cholesterol synthesis gene signature
intumour cluster (blue) and adjacent tissue (red; two-sided Mann-Whitney
U-test, tumour n =1,010 spots, adjacent n = 2,418 spots). f, Quantification of TG
catabolism gene signatures in tumour cluster (blue) and adjacent tissue (red;
two-sided Mann-Whitney U-test, tumour n =1,010 spots, adjacent n = 2,418
spots). g, Dot plot of the top ten pathways from gene-set enrichment analysis
of marker genes defining clusters containing fibroblasts and epithelial cells
(cluster 7). Spot size indicates gene ratio. Colour represents adjusted P value
(enrichment significance assessed using a permutation-based testimplemented
in clusterProfiler; Pvalues were adjusted for multiple comparisons with the
Benjamini-Hochberg method). h, H&E stain of a second [uSCC tumour for
spatial transcriptomics (n = 2 independent tumours analysed, one section per
tumour; scale bar,1 mm).i, Clustersillustrating epithelial tumour signature
cluster (blue) and adjacent stroma cluster (red) based on cell-type signature
clustering. j,k, Quantification of TG catabolism (j) and cholesterol synthesis
(k) gene signatures in tumour cluster (blue) and adjacent tissue (red; two-

sided Mann-Whitney U-test, tumour n = 1,494 spots, stroman = 875 spots).

1, Cholesterol synthesis gene signature score across spatial transcriptomic
clusters; blue indicates epithelial tumour clusters, and red indicates stomal
clusters.m, Dot plot of the top ten pathways from gene-set enrichment

analysis of genes enriched in high-cholesterol tumour clusters (cluster1

and 3). Spot size represents gene ratio. Colour represents adjusted P value
(enrichment significance assessed using a permutation-based testimplemented
in clusterProfiler; Pvalues were adjusted for multiple comparisons with
Benjamini-Hochberg method). n, Spatial distribution of APOE expressionin
luSCC tumour. Colour denotes expression (blue, low; red, high).

0, Quantification of APOE in the tumour and stromal compartment of the second
luSCC tumour (two-sided Mann-Whitney U-test, tumour n = 1,494 spots, stroma
n=875spots). p, Quantification of LDLR expression in tumour compartment
group by high (cluster 1and 3) or low (cluster 0 and 6) cholesterol status and

the stromal compartment of luSCC tumour (Kruskal-Wallis, Dunn’s multiple
comparisons, high n =834 spots, low n =660 spots, stromal n = 875 spots).

q, TGs quantified in the secretomes of lung fibroblasts co-cultured with luSCC
cells (two-sided Mann-Whitney U-test, tumour n = 6 biological replicates).r, TG
synthesis pathway ssGSEA scores in matched normal lung fibroblasts and CAFs
fromindividuals with lung cancer (GSE244065, two-sided Mann-Whitney U-test,
tumour n =3 biological replicates). Box plots show the minimum to maximum
values (error bars), box indicates the 25th and 75th percentiles, and the line
denotes the median. Bar plots indicate the mean + s.e.m. Violin plots show the
datadistribution, dashed lines indicate quartiles, and the dashed line denotes
the median.

in these cholesterol-high tumour clusters (Supplementary Table 12)
revealed enriched oncogenic signalling via TNF, KRAS and MYC, and
cellcycle pathways (Fig. 7m). Additionally, APOE expression was highly
enriched in the stroma containing lung fibroblasts (Fig. 7n,0), and
epithelial tumour regions with high cholesterol synthesis expression
had significantly higher expression of LDLR, which encodes areceptor
that canbind and internalize APOE (Fig. 7p). To study lipid dropletsin
thelung parenchyma and tumour, we examined the spatial expression
of the lipid droplet-associated gene signature (PLINs), which showed
PLIN gene expression in both the tumours and the adjacent tissue
(Extended Data Fig. 8j). Conversely, the S1P signalling genes, which
are specific drivers of EMT and invasion in oSCC tumours, were not
activated inlung tumours, further confirming the tissue specificity of
lipid pathways (Extended Data Fig. 8k-0). We next explored theimpact
of lung fibroblast activation on TG biology. Importantly, activation
of normal lung fibroblasts through co-culture with SCC cells did not
significantly alter TG levels (Fig. 7q and Extended Data Fig. 8p,q), and
inmatched normallung fibroblasts and CAFs, there was no significant
difference in the expression of TG synthesis pathway genes (Fig. 7r).
These data suggest that fibroblast activation within the lung tumour
does notimpact TG synthesis.

Exploring fibroblast heterogeneity further, we identified mixed
populations of fibroblasts in the human luSCC tumours (Extended
DataFig.9 and Supplementary Table13). Fibroblasts expressing prom-
inent inflammatory signatures (cluster 1) and extracellular matrix
(cluster 2) CAF markers were enriched primarily in the first tumour
(Extended Data Fig. 9¢,f). In contrast, the normal fibroblast cluster

(cluster 4), which included the expression of the lipid droplet gene
PLIN2,was enriched inthe stromal regions of both tumours. Thus, our
samplesindicate that lung tumours contain fibroblasts displaying both
normal and CAF phenotypes, and that CAF phenotypes preserve TG
metabolism signatures. Altogether, these data show that lung fibro-
blasts transfer TGs to fuel cholesterol synthesis and luSCC progression,
which correlates with poor patient outcomes.

Lipid metabolismin human cSCCis
downregulated and correlates with improved
survival

Dermal fibroblasts are lipid poor and do not induce invasive pro-
grammes on SCC in vitro, so we examined the relationship between
lipid metabolism, dermal fibroblasts and progressionin human cSCC
tumours. We compared lipid metabolic pathways in aged, sun-damaged
skinand cSCC, whichrevealed that sun-damaged skinhad higher expres-
sion of lipid pathways compared to in situ ¢cSCC and invasive cSCC
(Extended DataFig.10a,b). These data show that unlike non-cutaneous
SCC, lipid metabolism is downregulated in cSCC progression. To
explore this further, we performed spatial transcriptomics on two
¢SCC tumours (Visium 10x Genomics), identifying regions of epithelial
tumours and fibroblasts (Supplementary Table 14), and testing whether
the tissue-specific pathways that drive oral and lung SCC (Fig. 8a-h)
are absent in cSCC. This confirmed that SIP and TNF-EMT signalling,
which are enriched in 0SCC, are only present in cSCC endothelial and
immune-enriched regions, but not in established cSCC tumours or
near dermal fibroblasts (Fig. 8i—n). We next examined whether TG and

Fig. 8| Tissue-specific lipid metabolism pathways in cSCC tumours.

a,b, Human cSCC tumour H&E stain (n = 2 independent tumours analysed, one
section per tumour; scale bar,1 mm) (a) and corresponding spatial distribution
of deconvoluted cell-type signatures (b). Each spot represents a pie chart
displaying the proportion of each signature represented by colours. ¢,d, Second
human c¢SCC tumour H&E stain (n = 2 independent tumours analysed, one
section per tumour; scale bars,1 mm) (c) and corresponding spatial distribution
of deconvoluted cell-type signatures (d). e,f, Spatial transcriptional expression
of epithelial cell signatures (e) and spatial fibroblast signature of the first

¢SCC tumour (). Colour indicates the proportion of each spot represented by
the signature (blue, low; red, high). g,h, Spatial transcriptional expression of
epithelial cell signatures (g) and spatial fibroblast signature of the second cSCC
tumour (h). Colour indicates the proportion of each spot represented by the

signature (blue, low; red, high).i-1, Spatial expression of SIP gene signature

and TNF-EMT signature in the first (i and j) and second (kand 1) cSCC tumours.
Colourindicates the expression of the signature (blue, low; red, high). m, Spatial
transcriptional expression of immune cell signatures in the second cSCC tumour.
Colourindicates the proportion of each spot represented by the signature (blue,
low; red, high). n, Correlation between S1P signature expression in epithelial-
enriched spots and distance to fibroblast-enriched clustersin the second cSCC
tumour (two-sided Pearson correlation, n =3,314). o, Correlation between TG
catabolism signature expression in epithelial-enriched spots and distance

to fibroblast-enriched clusters in the first cSCC tumour (two-sided Pearson
correlation, n=3,870). p-s, Spatial expression of TG catabolism and cholesterol
synthesis signaturesin the first (p and q) and second (r and s) cSCC tumours.
Colourindicates the expression of the signature (blue, low; red, high).
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cholesterol pathways, which fuel luSCC progression, are present in the
¢SCC tumours. This revealed that only the well-differentiated, kerati-
nizing cSCC tumour expressed TGs and cholesterol metabolic signa-
tures; however, the expression was spatially localized to the epithelial,
well-differentiated, non-invasive tumour compartment with no associa-
tion with fibroblast signatures (Fig. 8o-s), a finding that is expected
during epidermal differentiation of the stratum corneum. Finally,cSCC
samples also expressed a heterogeneous mix of normal and CAF popula-
tions (Extended Data Fig.10c-i and Supplementary Table 15), with no
differencesinlipid biology. Taken together, these findings establishin
humantissue aspatial link between tissue-specific lipid metabolic cues,
imposed by site-specific fibroblast lipid programmes, and epithelial
cancer invasion, metastasis and survival.

Discussion

We examined the contribution of tissue-resident fibroblasts from
different anatomicsites on the invasive properties and phenotypes of
SCCs. We observed that fibroblasts from different anatomic sites har-
bour distinct lipid compositional profiles that align with site-specific
transcriptional states. Fibroblasts are metabolically dynamic cells that
canrelease lipids and other metabolites into their microenvironment.
Lipids serve diverseroles, including fuelling cellular metabolism, con-
tributing to membrane biogenesis, acting as signalling mediators and
modulating protein behaviour and localization. We found that fibro-
blasts from the oral cavity and the lung synthesize and secrete more
lipids, and lipids drive invasive oral and lung SCCs, which are highly
metastatic. In contrast, dermal fibroblasts are lipid poor, limiting
cSCCinvasion, which correlates with the low metastatic rate of these
tumoursinindividuals. Firstly, we showed that oral fibroblasts secrete
lipid signalling SMs, which in oSCC cells activate the SM-ceramide-
S1P-STAT3 pathway to drive oSCC invasion. In animals, oSCC cells
co-injected with oral fibroblasts have decreased survival compared to
animalsinjected with oSCC cells alone. Secondly, we found that lung
fibroblasts produce and secrete more lipids and TGs, which transfer
to luSCC cells where they are broken down and utilized to synthesize
cholesterol and fuel luSCC progression. We show that inhibiting cho-
lesterol synthesis with atorvastatin in luSCC decreases invasion and
improves animal survival. In human tissue, 0SCC tumours in close
spatial proximity to tissue-resident fibroblasts highly express the SM
pathway and, in the lung, tumour cells spatially close to fibroblasts
express TGs and cholesterol lipid metabolic pathways. Importantly,
these site-specific lipid programmes are linked to progressionand sur-
vival across multiple patient cohorts. Taken together, this work shows
that fibroblast anatomic origin affects SCC biology and outcome, and
stromal fibroblasts impose the rate of SCC invasion via lipid metabolic
cues. Furthermore, targeting metabolic stromal fibroblast-cancer
cell dependencies decreases epithelial cancer progressionin vivo.

Fibroblasts are present throughout the body and play a crucial
roleinepithelial and connective tissue support, epithelial function and
identity, wound healing and tissue repair. Lipids are key to adult fibro-
blast identity and heterogeneity*?, and our work adds to the current
knowledge showing that fibroblasts from different sites have specific
biological properties and exert unique effects on epithelial cancer
progression. Specifically, the site-specific secretory lipid component
of fibroblasts determines SCCinvasion.

This work defines a new oral fibroblast contribution to oSCC pro-
gression. During early stages of 0SCC development, oral fibroblasts
may provide SMs to adjacent epithelial cancer cells forinvasion, and our
analysis of human data presented here supports that fibroblast meta-
bolicinteractions with epithelial cancer cells define early head and neck
carcinogenesis. In support of our work, SphkI”~ mice have reduced head
and neck SCC numbers and tumour burdenin carcinogenesis models*.
Intriguingly, patients onantidepressants such asimipramine thatinhibit
acid sphingomyelinase** have alower risk of 0SCC and other cancers**°,
and we show that imipramine reduces oSCC invasion.

SPHK1 drives more aggressive disease in oSCC. Previous studies
established 0SCCs express SPHK1 primarily at the invasive front of
tumours, in close association with fibroblasts. Furthermore, increased
SPHK1 expression correlates with clinical stage, lymph node metas-
tasis, EMT markers and lower oSCC survival***%, Our study identifies
stromal oral fibroblasts as the source of SMs that promote oSCC inva-
sion. Mechanistically, SM transfer from oral fibroblasts to oSCC cells
upregulates the TNF/EMT invasion signature and the phosphorylation
of STAT3, which are pathways that lie downstream of SPHK1in aggres-
sive 0SCC*™,

We defined anew contribution of stromal lung fibroblasts to aggres-
sive luSCC behaviour. We show that lung fibroblasts produce high levels
of TGs, which transfer via transport proteins to adjacent luSCC cells in
lipid droplets. The breakdown of TGs into fatty acids in luSCC, which are
used for cholesterol synthesis, promotes luSCC invasion. We show this
hallmark s a tissue-specific phenotype, as increasing the lipid content
in dermal fibroblasts does not increase TG transfer or SCC invasion.
Previous work established that lipid droplets inlung fibroblasts have the
uniquesite function of neonatal lung epithelial development, providing
supportunder hyperoxic conditions and supporting the production of
surfactant phospholipids®**. Importantly, aggressive non-small cell lung
cancer also prominently activates lipid metabolic pathways, suggesting
thatlipid droplet transfer from lung-resident fibroblasts may contribute
tolung cancer subtypes more widely** ¢, Critically, preliminary work has
shown thatincreased lipid droplets drive activation of lung fibroblasts
to CAFs”, and cigarette smoke increases ROS in exposed lungs and lipid
droplet formationin lung fibroblasts®®. Our work focuses on normal tis-
suefibroblasts; however, future studies should address lipid metabolism
dependencies in the established tumour microenvironment between
CAFs and later stages of SCC.

Additionally, we show that statins decrease tumour volume and
improve survivalin mice bearing tumours composed of luSCC cells and
lung fibroblasts. Epidemiological and functional work has previously
shown conflicting results on the potential of statins toimprove cancer
outcomes; however, veterans and patients with diabetes who are on
statins have lower lung cancer and luSCC incidence, respectively**°,
Our work suggests that statins may reduce early disease progression
fromdysplasia and carcinomainsitu to invasive luSCC.

Finally, we show that dermal fibroblasts do not transfer high quan-
tities of lipids to adjacent cSCC cells, which limits the ability of cSCC
toinvade. These findings mirror human data, which confirmthat lipid
metabolicrelianceis not a hallmark of progressing cutaneous dysplasia
and human c¢SCC tumours have avery low metastatic rate (1-3%)". Thus,
we link the favourable outcome observed inhuman cSCC to decreased
lipid metabolicreliance and downregulation of lipid metabolism, which
limits cSCC progression®. In contrast, oral and lung SCC, whichrely on
lipid metabolism and obtain site-specificlipids from fibroblasts, have
poor rates of survival (45-80% 5-year mortality)'.

Our study has limitations that warrant consideration. First,
although we identify a site-specific activation of the cholesterol
biosynthetic programme in luSCC and demonstrate its functional
contribution to invasion, the precise metabolites and downstream
effectors responsible for this phenotype remainincompletely defined.
We cannotyet distinguishwhether increased invasivenessis driven by
cholesterol itself, by intermediate mevalonate-pathway metabolites
or by broader sterol-dependent signalling processes. Moreover, while
our data link fibroblast-derived TGs to the induction of SREBP2 and
cholesterol synthesis, we have not formally shown that fatty acids liber-
ated from these TGs are directly channelled into sterol biosynthesis.

Second, in vitro systems do not capture the structural and meta-
bolic complexity of stromal-epithelial interfaces in vivo. Our in vitro
assays provide a permissive environment that supports fibroblast
viability and lipid biosynthesis, yet they do not reproduce the restricted
diffusion, oxygen gradients and spatial organization that shape
fibroblast-epithelial metabolic couplingin tissues. For thisreason, we
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incorporated orthogonal validation with in vivo and human models.
The development of more physiologically informed culture systems is
importanttoresolve the dynamics of fibroblast-derived lipid provision
in native tissue contexts.

Our work shows that tissue-resident fibroblast lipids interact
with epithelial malignant cells in a tissue-specific manner to deter-
mine SCC invasion. This work provides new therapeutic rationales
and targets for epithelial cancer prevention, biomarker development
and cancer therapies.

Methods

Cell lines and culture

Two normal adult oral fibroblasts (CTICC1.8.2) were purchased from
Generon and three normal adult lung fibroblasts (CC-2512) were pur-
chased from Lonza. One oral fibroblast cell line was acquired from
C. Gaudy, Aix-Marseille Université. Two cSCC cell lines, IC1 and IC19
(ref. 62), were acquired from C. Harwood from Queen Mary University
London, two oSCC cell lines FADU and UMSCCO1 were acquired from
C.West, The University of Manchester, and two luSCC cell lines, SKMES1
and H520 (NCI-H520), were acquired from C. Lopez-Garcia, Cancer
Research UK Manchester Institute. All cell lines were cultured in DMEM
(Gibco, 41966-029) supplemented with10% FCS (Sigma-Aldrich, F7524),
1x Glutamax (Gibco, 35050061),100 U ml™ penicillinand streptomycin
(Gibco, 15140122) and 1 mM sodium pyruvate (Gibco, 11360070). For
fatty acid-treated fibroblasts, media were prepared as above supple-
mented with 50 uM oleic acid (Cayman Chemical, 90260) and 100 pM
palmitic acid (Cayman Chemical, 10006627) and fibroblasts were cul-
tured in fatty acid-supplemented media for 5 days. All cell lines were
cultured at37 °Cin 5% CO, with medium replaced as required. Cell lines
were tested every month for Mycoplasma using LookOut Mycoplasma
PCR Detection Kit (Sigma-Aldrich, MPO035). The cell line identity of
SCC cell lines was confirmed using STR profiling.

Human fibroblasts

Dermal fibroblast cultures were established from redundant normal skin
(surgical dogears) of individuals treated at the Christie NHS Foundation
Trust. Ethicalapprovalto establishfibroblast celllines fromthe redundant
normal skin was granted by the local Biobank committee (17_AMVI_01),
whichrequiredsignedinformed consent fromall participants. The hypo-
dermis of whole-skin samples was removed by scraping with a scalpel,
and the residual specimen was incubated overnight in Dispase (Gibco,
17105-041) at 4 °C to separate the epidermis and dermis. The dermis
was digested in Collagenase I (Gibco, 17018029) in DMEM (without FCS)
at 37 °Cfor 6 h and then filtered through a 70-um filter to remove the
residual debris. Dermal cells were spun at 300g and resuspended in
DMEM20% FCS, culturedinDMEM20% FCS until they became confluent.

Secretome collection

To collect secretomes, 1 x 10 fibroblast cells were plated in a100-mm
dish and the following day the medium was washed off twice with
PBS and then cultured for 72 h in 10 ml DMEM without FBS (Zen-Bio,
DMEMHG-PRF) to limit cell proliferation. This medium was then col-
lected as secretomes and centrifuged at 1,000g for 5 min, aliquoted
andstored at—80 °Cuntil used. For required experiments, lipids were
removed fromthe secretomes using Cleanascite Lipid Removal Reagent
(Biotech Support Group, X2555-100). Cleanascite was mixed at room
temperature and diluted in secretome at a 1:5 ratio and incubated
for 10 min with gentle shaking. Samples were centrifuged at 16,000
for 1 min and the supernatant was collected. Fresh lipid-stripped
secretomes and control mediawere prepared before each experiment.

Fibroblast co-culture models

For co-culture models, fibroblasts were cultured in six-well plates
with 100,000 cells per well containing 3.0-pm PET membrane inserts
(Corning, 353092) containing 200,000 SCC cells from tissue-matched

fibroblasts. Cells were co-cultured for 7 days with mediareplaced regu-
larly. When SCCs grew to confluence ininserts, they were replaced with
anew insert with 200,000 cells. To collect secretomes, after co-culture
inserts with SCCs were removed, fibroblasts were washed twice with
PBS and serum-free DMEM was added to wells. Secretomes were col-
lected from co-cultured fibroblasts after 72 h as previously outlined.
Control fibroblasts were cultured inidentical conditions without SCC
cellsininserts. Once secretomes were collected, fibroblasts were fixed
in4% paraformaldehyde for 20 min at room temperature. To account
for changesinfibroblast proliferationin co-culture conditions, relative
confluence was measured with crystal violet staining. Fixed fibroblasts
were washed with PBS and stained with 0.05% crystal violet (V5265,
Sigma-Aldrich) for 30 min. Excess crystal violet was washed off with
PBS and cells were lysed with 1% SDS (Invitrogen, 15553-035) for 30 min.
Crystal violet levels from each co-culture sample were quantified by
measuring absorbance at 595 nm on a VarioSkan Lux plate reader
(Thermo Fisher Scientific) and Skanlt Software (Research edition,
version 7.0.2) and raw OD values were used to normalize differencesin
celldensity between control and co-culture cells. Forimaging of activa-
tion markers, fibroblasts were seeded in 96-well plates and cultured
in SCC cell line conditioned media for 7 days, with fresh conditioned
mediaadded three times. Fibroblasts were then washed with PBS and
fixed with 4% paraformaldehyde and used for immunofluorescence
as described below.

Treatment of cells

SM (Egg-SM, Avanti Polar Lipids, 860061P) was resuspended in ethanol
at50 mMstock concentration. SMwas diluted to final concentrations
in serum-free DMEM for experiments. Imipramine hydrochloride
(Tocris, 7841) was resuspended in DMSO at a stock concentration of
50 mM and diluted in secretomes to 20 pM. S1P (Tocris, 1370) was
resuspended in 0.3 M NaOH at a stock concentration of 5mM and
diluted in serum-free DMEM for use. ABC294640 (APExBIO, B1182)
was resuspended in DMSO to a concentration of 10 mM and used in
secretomes at a final concentration of 20 puM. PF543 (Sigma-Aldrich,
PZ0234) dissolved in double distilled water to a stock concentration
0f19.92 mM and diluted in secretomes to afinal concentration of 2 uM.
ARC39 (Cayman Chemical, 13583) was dissolved in PBS to a stock con-
centration of 3.58 mM. Carmofur (RayBiotech, 331-10309) was supplied
at10 mM in DMSO and diluted in secretomes to 5 tM or 10 pM. S1PR1
inhibitor ponesimod (MedChemExpress, HY-10569-1ml) and S1PR3
inhibitor TY-52156 (MedChemExpress, HY-19736-1ml) were supplied
at10 mMin DMSO and diluted in secretomes to 5 uM or 10 uM. STAT3
inhibitor STX-0119 (MedChemExpress, HY-103692-1ml), AKT inhibitor
MK-2206 (MedChemExpress, HY-10358-1ml) and NF-kB inhibitor JSH-23
(MedChemExpress, HY-13982-1ml) were supplied at 10 mM in DMSO
and diluted to 20 pM, 2 uM and 10 pM, respectively, in secretomes.
Triacsin C (LKT Labs, T6834) was resuspended in DMSO to a stock
concentration of 766 uM. Atglistatin (Sigma-Aldrich, 5301510001)
was resuspended at 10 mM in DMSO and diluted to 20 pM or 50 uM
in secretomes or serum-free media. Cells were treated with atglista-
tin overnight in serum-free media before treatment with fibroblast
secretomes containing atglistatin. N-acetyl-L-cysteine (Sigma-Aldrich,
A9165) was dissolved in double distilled water ata stock concentration
0f100 mM and diluted in media to final concentrations. Atorvastatin
(Stratech, S2077-SEL) was resuspended in DMSO at 5 mM and diluted
in secretomes to a 5 uM final concentration. Mevalonate (Cayman
Chemical, 37476) was resuspended in DMSO at 50 mM and diluted to
500 pM in secretomes. Nervonic acid (Cayman Chemical, CAY13940-
100) was resuspended in DMSO at 54.56 mM, and heneicosanoic acid
(Cayman Chemical, CAY22593-100) was resuspended in ethanol at
61.24 mM. For treatment of cells with fatty acids inrescue experiments,
2 mM (nervonic and heneicosanoic acid) and 5 mM (oleic and palmitic
acid) stock solutions were prepared in serum-free DMEM containing
10% BSA, which was used for further dilutions in secretomes for final
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working concentrations. Inall treatment conditions, vehicle controls
were used that matched the dilutions of the treatment conditions.

Collagen organotypic invasion assays

SCCcelllineinvasioninto collagen with fibroblasts was assayed using
a protocol adapted from Timpson et al.®*. Briefly, equal numbers of
dermal, oral or lung fibroblasts (150,000 cells per collagen disc) were
mixed with 2.5 mg ml™ Collagen |, rat tail (Corning, 354236) and cul-
turedin35-mm culture dishes. Collagen discs were allowed to contract
until they fit in a 24-well plate. Cell suspensions of SCC cell lines at
4 x10* cells per ml were plated on top of each collagen disc in dupli-
cate for each fibroblast cell line. Cells and collagen were cultured as
normal for approximately 5 days in DMEM. Collagen discs were then
transferred toaFalcon3.0-pm high-density PET membrane (Corning,
353092) in Falcon six-well Deep Well TC-treated Polystyrene Plates
(Corning, 355467) containing DMEM to create an air-liquid interface
to drive SCC invasion into collagen. After 12 days, constructs were
fixed in 4% paraformaldehyde and embedded in paraffin and stained
with H&E. Slides were scanned at x20 with an Olympus VS200 slide
scanner (Olympus). Invasion of cellsinto collagen was quantified with
HALO software (Indicalabs, version 3.6.4134.314). Asupervised random
forest classifier was generated and trained to distinguish cells from
collagen ontheslides. Invasive areawas calculated as the area of cells
within the collagen normalized to the total area of collagen analysed.
Two sections per collagen disc were analysed for two independent
discs per condition.

Spheroid invasion assays

SCCcelllines were cultured in U-bottom 96-well plates (Brand, 781900)
at 5 x10° cells per well, spun at 200g, and spheroids were allowed to
form over 72 h. Culture medium was removed from the wells, and
100 pl collagen (PureCol, Advanced BioMatrix, 5005-100 ML) diluted
to1.5 mgml™inserum-free DMEM was added to the wells. Plates were
briefly spunfor5sat200gandincubatedat37 °Cfor1htosetcollagen.
One hundred pl secretomes or control mediumwas added on top of the
collagen once set, plates were incubated, and cell invasion was moni-
tored over 96 h. For experiments with pharmacological inhibitors or
rescue metabolites, these were resuspended in secretomes or medium
added on top of spheroids. Images of spheroids were taken with light
microscopy (EVOS XL Core, Thermo Fisher Scientific, AMEX1000)
at x4 magnification under constant light settings. Invasion of cells
into collagen was quantified with HALO software (Indica labs, version
3.6.4134.314). A supervised random forest classifier for each cell line
was generated and trained to distinguish the spheroid core, invading
cells and collagen. Invasive area was calculated as the area of invasive
cells asapercentage of the total area of invasive cells and spheroid core
combined, to normalize for spheroid size.

Invivo subcutaneous co-injection model

All procedures involving animals were performed under the Home
Office-approved project license PP0466403, and UK Home Office
regulations under the Animals (Scientific Procedures) Act 1986. The
study received ethical approval by the Cancer Research UK Manchester
Institute’s Animal Welfare and Ethics Review Body (AWERB). All mice
were maintained in pathogen-free, ventilated cages in the Biological
Resources Unit at our Institute, and allowed free access to irradiated
food and autoclaved water in a 12-h light-dark cycle, with room tem-
perature at 21 + 2 °C. All cages contained wood shavings, bedding
and a plastic tube for environmental enrichment. Experiments were
performedin adults (8-12-week-old) female NSG mice (Charles River)
acclimatized for 7 days before study. Four cohorts—oSCC (UMSCCO1
cell line, 21 mice, 7 per group; FADU cell line, 12 mice, 6 per group;
shCtrl 6 mice; and shSPHK1 6 mice) and luSCC (SKMES1; 24 mice,
8 per group) were used. All cell lines were tested for Mycoplasma and
murine hepatitis virus and were confirmed negative before injection.

Tumours were generated by co-injection of SCC and fibroblasts at a
1:3 ratio, with 100,000 SCC cells and 300,000 fibroblasts per injec-
tion. On the day of injection, cells were collected and washed twice in
ice-cold PBS and then counted, aliquoted inice-cold PBS at the correct
ratio, washed once more in PBS then resuspended in Cultrex UltiMatrix
Reduced Growth Factor Basement Membrane Extract (Bio-techne,
BMEO0O01-05) at a volume of 50 pl per injection. All preparations for
injections were performed onice and needles and syringes were stored
onicebeforeinjection. Cells were injected subcutaneouslyin the right
flanks of animals.

Mice treated with statins were given oral atorvastatinin sterile PBS
at 20 mg per kg body weight daily by oral gavage once tumours were
palpable afterinjection. Mice treated with imipramine were given imi-
pramine hydrochloride (Sigma-Aldrich,10899) in sterile PBS at 40 mg
per kg body weight daily by oral gavage once tumours were palpable.
Animal tumour development was closely monitored, and once tumour
developmentbegan tumours were measured three times weekly. Ani-
malswere culled by schedule1 (cervical dislocation) iftumoursreached
avolume limit of 1,500 mm?, or if a tumour interfered with the qual-
ity of life before this point. Full-body autopsy including liver, heart,
lungs, liver, spleen and kidneys was conducted on all mice. Tumours
and organs were collected and fixed in 10% formalin overnight before
embedding in paraffin and stained with H&E, and then histologically
analysedblinded by group by dermatologist and dermatopathologist
to assess tumour features (L.M. and A.V.). Tumour growth rate was
calculated as final tumour volume divided by the number of days to
reach final volume. In the luSCC study, 12 animals did not reach limits
and were culled and censored 184 days from the beginning of the study
to concludethestudy. Intheimipramine treatment model, one mouse
(0SCC + oral FB) was culled 7 days into the study due to leg injury and
was censored. Two animals in the lung SCC study did not develop
tumoursfollowinginjectionand were excluded from analysis (1x luSCC,
1x1uSCC+lungFB).Groupssizes (n = 6-8 per group) were selected based
on prior invivo tumour growth experiments from our laboratory and
published studies demonstrating that thisnumber provides sufficient
power to detect biologically meaningful differencesintumour burden
while minimizing animal use. Assuming a 35% difference in tumour
volume between groups, astandard deviation of 25%, a two-sided a of
0.05 and 80% power, a minimum of six mice per group were required.
To account for potential attrition, 7-8 mice per group were used in
some experiments.

Mouse lung fibroblast extraction

Lung fibroblasts were extracted and cultured from the lungs of wild-
type and Apoe”” C57BL/6 mice (male, 8 weeks of age). Apoe™ mice
were obtained from the University of Manchester. The ApoetmlUnc
mutant strain (B6.129P2-Apoetm1Unc/J) was originally developed
in the laboratory of N. Maeda at The University of North Carolina
at Chapel Hill to replace part of exon 3 and part of intron 3 of the
apolipoprotein E (Apoe) gene replaced with a neomycin resistance
(neo) cassette. The genotype of each mouse was confirmed using the
Transnetyx system. Healthy disease-free mice were culled and lungs
removed during autopsy and stored in ice-cold serum-free DMEM.
Immediately after, lungs were incised in a Petri dish with scalpel to
relax the tissue and transferred to a tube containing 3 U ml™ colla-
genase P (Merck,11213857001) and 20 U mI™ DNase I (Sigma-Aldrich,
D4263) in 5 mI DMEM and incubated at 37 °C for 15 min with intermit-
tent shaking. After incubation, tissue was dissociated with sequen-
tial pipetting with 25-ml, 10-ml and 5-ml pipettes. Following this,
incubation and dissociation were repeated in this manner two more
times. Samples were then centrifuged at 450g for 5 min, the super-
natant removed, and the pellet resuspended in 1 ml TrypLE Express
(ThermoFisher,12604013) and incubated at 37 °C for 10 min. Samples
were strained onice through 40-pm strainers (EASYStrainer, Grener
Bio-One, 542040) and washed with serum-free DMEM. Samples were
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centrifuged at450gfor 5 min at4 °C and the pellet resuspendedin1 ml
red blood cell lysis solution (BioLegend, 420301) and incubated on
ice for 10 min. Following this, samples were centrifuged at 450g for
5minat4 °C,and the pellet was resuspended in complete 10% DMEM
and cultured as described above.

Immunohistochemistry

Slides were stained on the BOND RX automated platform (Leica
Microsystems). Sections (4 pm) of FFPE tumours were cut and mounted
on charged slides. Dewaxing and heat-induced epitope retrieval of
slides was automated on the Bond RX, using Epitope Retrieval Solu-
tion 1 (ER1 AR9961, Leica Microsystems) for 20 min at 98 °C (Antigen
Retrieval Ph6). Using the Refine kit (Leica Microsystems, DS9800),
endogenous peroxidase was blocked using the peroxidase in the Refine
kit) for 10 min and the slides further blocked with 10% wt/vol casein
(2b Scientific SP-5020) in TBS-T. Antibody application (Ki67 Agilent
M7240, 0.23 ug mi?, 1:200 dilution; human mitochondria, ab92824,
1pg ml™), detection incubation with the primary antibody in Bond
Antibody Diluent (Leica Microsystems, AR9352) for 30 min, followed
by detection using Mouse Envision (K4001Agilent) and the Refine Kit
(DS9800). Slides were dehydrated through graded ethanol, cleared
inxylene and cover-slipped with Pertex. Slides were scanned at a mag-
nification of x20 with an Olympus VS200 slide scanner (Olympus).
Analysis of Ki67 staining was performed using HALO software (Indica
labs, version 3.6.4134.314) IHC area quantification algorithm. For col-
lagen organotypic analyses, Ki67-positive nuclei were calculated as a
percentage of total nuclei to provide a normalized measure of vary-
ing amounts of cells by cell line. For tumour analysis, the number of
Ki67-positive cells were counted in two hotspots per tumour counted
by two independent scorers.

Mouse lipid extraction

To extract lipids from fresh mouse tissues, the tongue/pharynx, lungs
and abdominal skin were collected from four wild-type disease-free
C57BL/6 mice (male, 8 weeks of age). Tissues were lysed in10 mgml™iso-
propanolusinga QIAGEN TissueLyser Iland placedin—80 °Cfor1hbefore
centrifuging at 21,000g for 10 min at 4 °C, and supernatant collected.

Lipidomics

To quantify lipids in fibroblast secretomes, to 600 pl of fibroblast
secretome, 60 pl of 10% formic acid was added, followed by the
addition of 400 pl of methanol for protein precipitation. After
vortexing, samples were centrifuged at 20,000g for 10 min at 4 °C.
The supernatant was transferred to a glass tube and 100 pl of chlo-
roform was added. After 10 min resting at 4 °C, the bottom layer
containing the lipids was transferred to a new glass tube. The chlo-
roform extraction was repeated to ensure recovery of the lipids.
The extracts containing lipids were dried under nitrogen stream
and reconstituted in 30 pl of methanol for HPLC-MS analysis.
Lipids were separated on a Dionex Ultimate 3000 UHPLC (Thermo
Fisher Scientific) coupled to a Q Exactive plus Hybrid Orbitrap MS
(Thermo Fisher Scientific). Around 5 pl of the sample was loaded on
aKinetex 2.6 u EVO C18 100 A, LC Column 150 x 0.3 mm (Phenom-
enex). A gradient was performed at 250 pl min™ using H,0-5mM
ammonium formate, 0.1% formic acid (A), 60% acetonitrile: 40%
methanol-5mM ammonium formate, 0.1% formic acid (B) and
isopropanol-5mM ammonium formate, 0.1% formic acid (C).
The start condition was 85% (A), 15% (B), kept for 0.5 minincreasing to
100% (B) at 7.5 min, kept from 1 min and increasing to 95% (C) and 5%
(B) at19 minand kept until 23 min. At 24 min, returned to 100% (B) and
kept for 1 min. Returned to theinitial condition at 27 min until 30 min.
Datawereacquired in positiveion mode with fullMS/dMS2 using ascan
range from 300 m/z to 1,800 m/z. Full MS resolution of 70,000 and
MS2 0f 17,500 were used. For lipidomics on fresh mouse tissue, 600 pl
of mouse tissue extract, was prepared as secretomes above. Lipids

were separated on a Dionex Ultimate 3000 UHPLC (Thermo Fisher
Scientific) coupled to a Q Exactive Hybrid Orbitrap MS (Thermo Fisher
Scientific). Around 5 pl of the sample wasloaded onaKinetex 2.6 uEVO
C18100 A, LC Column 150 x 0.3 mm (Phenomenex). A gradient was
performed at 200 pl min"using H,0-5mM ammonium formate, 0.1%
formicacid (A), 60% acetonitrile: 40% methanol-5SmM ammonium for-
mate, 0.1% formicacid (B) and isopropanol-5mM ammonium formate,
0.1% formicacid (C). The start condition was 75% (A), 25% (B), kept for
0.5 minincreasing to 100% (B) at 2 min and increasing to 95% (C) and
5% (B) at 7 min and 99% (C), 1% (B) at 10 min and kept until 11.5 min.
At12 min, returned to 100% (B) and kept for 0.5 min. Returned to the
initial condition at13 min until 15 min. Data were acquired in positive
ion mode with full MS/ddMS2 using a scan range from 250 m/z to
1,700 m/z. FullMS resolution of 70,000 and 17,500 for MS2 were used.

Lipid assays

TGswere quantified in the secretomes of fibroblasts using the Triglyc-
eride Assay Kit (Abcam, ab65336) using the fluorescence protocol and
50 plof secretomes per well. SM was quantified using the Sphingomy-
elin Assay Kit (Cell Biolabs, STA-601) and 10 pl of secretomes per well.
Secretomes were quantified from two independent secretomes from
three independent fibroblast cell lines per tissue group, measured in
technicaltriplicate. Fluorescence was measured using a VarioSkan Lux
platereader (Thermo Fisher Scientific) and Skanlt Software (Research
Edition, version 7.0.2).

APOEELISA

APOE was quantified in fibroblast secretomes using the Human APOE
ELISA Kit (Invitrogen, EHAPOE). In total, 10 ml of each fibroblast
secretome was concentrated using Amicon Ultra-15 centrifugal filter
units (Millipore, UFC901024), and 100 pl per well of 1:10 diluted con-
centrated secretomes were runinthe ELISA. Absorbance was detected
using a VarioSkan Lux plate reader (Thermo Fisher Scientific) and
Skanlt Software (Research edition, Version 7.0.2). Absorbances of blank
wells were subtracted fromall values and unknowns were interpolated
from sigmoidal, four-parameter logistic standard curve. A value below
the blank was considered undetectable.

Seahorse metabolic assay

Cell metabolism was measured using the Seahorse XFe96 Analyzer
system (Agilent Technologies). Before the assay, the cartridge was
hydrated for 24 h with distilled water and an hour before the experi-
ment, water was replaced with 200 pl per well of Seahorse XF Cali-
brant Solution (Agilent Technologies, 100840-000) and incubated in
anon-C0O,37 °Cincubator for1h. Cells were washed twice with PBS and
incubated in Seahorse XF base medium (Agilent Technologies, 103335-
100) supplemented with 2 mM L-glutamine, 10 mM glucose and 1 mM
sodium pyruvate, and incubated inanon-CO, incubator at 37 °Cfor1h.
OXPHOS and mitochondrial function were assessed in cell lines using
the Seahorse XF Cell Mito Stress Test kit (Agilent Technologies, 103015-
100). OCR was measured across the assay with sequential injection of
1.5 uMoligomycin, 2 uMFCCP and 0.5 pM antimycin A-rotenone. For
all assays, to normalize for cell number, after the assay was complete
media were aspirated from the wells and cells were fixed in 4% para-
formaldehyde for 20 min. Fixed cells were washed with PBS and stained
with 0.05% crystal violet (V5265, Sigma-Aldrich) for 30 min. Excess
crystal violet was washed off with PBS and cells were lysed with 1% SDS
(Invitrogen, 15553-035) for 30 min. Crystal violet levels were quantified
by measuring absorbance at 595 nm on a VarioSkan Lux plate reader
(Thermo Fisher Scientific) and Skanlt Software (Research edition, Ver-
sion7.0.2),and raw OD values were used to normalize Seahorse results
for each plate in the Wave software (Agilent Technologies, version
2.6.1.53). Normalized results were exported from the software using
the reportgenerator, and basal respiration was used as measurement
of OXPHOS in each condition.
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Mitochondria visualization and quantification

Mitochondrial activity was quantified by immunofluorescence using
MitoView Green (Biotium, 70054-T) to quantify mitochondrial abun-
dance and MitoView 633 (Biotium, 70055-T) to quantify mitochondrial
membrane potential. SCC cells were plated in 96-well plates 24 hbefore
treatment with control serum-free media or oral fibroblast secretomes.
Each condition was measured in four replicate wells with two fibroblast
secretomes per SCC cell line. After 24 h of secretome treatment, cells
were washed with PBS and incubated in serum-free DMEM containing
100 nM MitoView Green or MitoView 633, and 1 ug ml™ Hoechst 33342
(Thermo Fisher Scientific, 62249) for 30 min at 37 °C. Cells were washed
twice with PBS and fresh serum-free DMEM was added to each well. Cells
wereimaged live with using an Opera Phenix (Perkin Elmer) with Zeiss
C-Apochromat x63 water immersion objective NA 1.15 WD 0.6 mm,
with 134 fields of view per well. Images were processed in Harmony
software (Perkin Elmer, version 6.9). Briefly, nucleus staining was used
toidentify cellsbased on Hoechst staining using the predefined meth-
odsinHarmony. For quantification, the mean fluorescence signal was
calculated per well and divided by the number of nuclei to normalize
for differencesin cell numbers.

Cholesterol assay

Intracellular cholesterol levels in SCC cells were quantified using the
Cholesterol/Cholesterol Ester-Glo Assay (Promega, J3190). SCC cells
were plated inopaque white 96-well plates and treated with atglistatin
or control for 24 h before treatment with lung fibroblast secretomes
containing atglistatin or vehicle control for 24 h. Each condition was
measured intriplicate wells using two different fibroblast secretomes.
Cellswerelysed with the cholesterol lysis solution, and total cholesterol
levels were quantified alongside a standard curve with cholesterol
detection reagent with esterase. Luminescence was quantified with a
VarioSkan Lux plate reader (Thermo Fisher Scientific) and Skanlt Soft-
ware (Researchedition, version 7.0.2). Total cholesterol was quantified
byinterpolation fromalinear standard curve.

Intracellular lipid staining

Fluorescence visualization of intracellular lipids was performed using
BODIPY 493/503 (Cayman Chemical, 25892) or LipidSpot 610 (Biotium,
70069). BODIPY was dissolved in DMSO to 5 mg ml™. Cells were incu-
bated with BODIPY or LipidSpot diluted at1:1,000 in serum-free DMEM
containing 1 pg ml™ Hoechst 33342 (Thermo Fisher Scientific, 62249)
and incubated at 37 °C for 30 min. Cells were washed with PBS twice
and fixed with 4% paraformaldehyde for 20 min at room temperature
beforeimaging. For lipid transfer analysis, fibroblasts wereincubated
with BODIPY as above for 30 min at 37 °C. BODIPY media was removed
and cellswashed three times with PBS to remove excess BODIPY. Cells
were culturedin fresh serum-free DMEM for 48 hand media collected
as secretomes containing labelled lipids. SCC cells were cultured in
these labelled secretomes for 24 h before removing secretomes and
staining with 1 pg ml™ Hoechstinserum-free DMEM at 37 °C for 20 min.
Cells were washed with PBS and fixed with 4% paraformaldehyde for
20 minat room temperature before imaging. Imaging was performed
using an Opera Phenix (Perkin ElImer) with Zeiss C-Apochromat x63
water immersion objective NA1.15WD 0.6 mm, with at least 146 fields
of view per well. Images were processed in Harmony software (Perkin
Elmer, version 6.9). Briefly, analysis sequence was developed for each
analysis based onthe signals. Nucleus staining was used toidentify cells
based on Hoechst staining using the predefined methods in Harmony.
Lipid spots were calculated using the Find Spots feature. The output
of the data was calculated as lipid spots per cell per well by dividing
average lipid spots per nucleus in awell.

Incucyte proliferation, viability and ROS quantification
Proliferation of SCC cells was quantified using the confluence assay
on an IncuCyte S3 (Essen Bioscience). [uSCC cells were plated in

clear-bottom 96-well plates in four replicate wells per cell line and
treated with serum-free DMEM and lung fibroblast secretomes, with
orwithout the addition of 5 uM atorvastatin. oSCC cells were platedin
five replicate wells per cell line and treated with serum-free DMEM with
or without 20 uM SM, 20 pM imipramine or 2 pM PF543. Plates were
incubated at 37 °C and imaged in real time at x10 for phase-contrast
images over 72 hat 2-hintervals with fourimages per well. Phase mask-
ing and Al confluence calculation of confluence were used to compare
growthrates of celllinesin each condition using the IncuCyte software
(Essen Bioscience, 2020C rev. 1). Relative confluence was calculated
by dividing the confluence of the cells with the initial confluence of
the cells. Viability was quantified using propidium iodide diluted in
secretomes or media at 1 pg ml™ and imaged in real time at x10 for
phase-contrast and red fluorescence images over 24 h at 2-h intervals
withfourimages per well. Image segmentation of the red channel used
Top-Hat background correction (radius 100, threshold 2.0, Edge Split
ON, sensitivity = 0). The count of dead cells was normalized to the
confluence of their respective wells. ROS levels in fibroblast cell lines
were quantified using the CellROX Green reagent (Thermo Fisher,
C10444)inanIncuCyte S3 (Essen Bioscience). Fibroblasts were plated
in clear-bottom 96-well plates in four replicate wells per cell line and
treated with DMEM containing 5 pM CellROX Green. Plates were incu-
bated at 37 °C and imaged in real time at x10 for phase-contrast and
green fluorescence images over 24 h at 2-h intervals with four images
per well. Image segmentation of the green channel used Surface Fit
background correction with Edge Split ON, Threshold = 0 and Edge
Sensitivity = 0. The software-reported Total Integrated Green Intensity
was normalized to phase confluence for each field to correct for dif-
ferencesin cell number.

Immunofluorescence

Cells forimmunofluorescence were plated in 96-well plates treated
with experimental conditions. Cells were fixed with 4% paraformal-
dehyde for 20 min at room temperature before permeabilization with
0.01% Triton X-100 for 5 min. Cells were washed three times with Tris
buffered saline (TBS) and blocked with 5% BSA TBS-T (5% BSA in 1x
TBS, 0.1% Tween 20) for 1 hat room temperature. Cells were incubated
overnight with primary antibodies diluted in1% BSA TBS-T (1% BSA in 1x
TBS, 0.05% Tween 20) at4 °C (S1P,1:500 dilution, Echelon Biosciences,
Z-P300; APOE, 1:1,000 dilution, Abcam, ab183597; aSMA, 1:200 dilu-
tion, Abcam, ab7817;1L-61:200 dilution, Abcam, ab233706). Cells were
washed three times with TBS and thenincubated with secondary anti-
bodies for 1 h at room temperature (goat anti-rabbit Alexa Fluor 488,
1:1,000 dilution, Thermo Fisher, A32731; goat anti-mouse Alexa Fluor
488, 1:1,000 dilution, Thermo Fisher, A32723; goat anti-rabbit Alexa
Fluor 555,1:2,000 dilution, Thermo Fisher, A32732). For experiments
withactinstaining, cells were incubated with Alexa Fluor 546 Phalloidin
(1:2,000 dilution, Invitrogen, A22283) at the same time as secondary
antibodies. Cells were washed three times with TBS and incubated
with 500 nM DAPI (Invitrogen, D3571) in TBS at room temperature for
20 min. For experimentsalsoincluding lipid droplet staining, cells were
stained with BODIPY (1:1,000 dilution) for 20 min with DAPI staining.
Cells were washed with TBS beforeimaging. All experiments contained
negative control wells that were treated identically to experimental
wells except for primary antibody staining. SIPimmunofluorescence
contained a positive control of cells treated with exogenous S1P as
positive control. Imaging was performed using an Opera Phenix (Perkin
Elmer) with a Zeiss C-Apochromat x63 water immersion objective NA
1.15WD 0.6 mm, with at least 146 fields of view per well. Images were
processed in Harmony software (Perkin EImer, version 6.9). Briefly, the
analysis sequence was developed for each analysis based on the signals
and controls. Nucleus staining was used to identify cells based on DAPI
staining using the predefined methodsin Harmony. For quantification,
the mean fluorescence signal was calculated per well and divided by
the number of nuclei to normalize for differences in cell numbers.
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Western blots

Protein was extracted from SCC cell pellets using RIPA Lysis Buffer
(Thermo Fisher Scientific, 88901) containing 1x Phosphatase inhibitor
(Roche,4906845001) and 1x Protease inhibitor (Roche, 11836153001)
by incubating on ice for 30 min with regular vortexing, followed by
centrifuging at 14,000g for 15 min at 4 °C and the supernatant col-
lected. For cytoplasmic and nuclear fractions, proteins were extracted
with the NucBuster Protein Extraction Kit (Millipore, 71183-M). Pro-
tein samples were quantified using the Pierce BCA Protein Assay Kit
(ThermoFisher Scientific, 23225). A total of 50 pg of protein was diluted
in Laemmli Buffer (Bio-Rad, 1610747) with beta-mercaptoethanol
(Sigma-Aldrich, M6250), denatured at 95 °C for 5 min and loaded onto
Mini-PROTEAN TGX Gels (Bio-Rad, 4568084) and ran in 1x TGS buffer
(Bio-Rad, 1610732) at100 V.Samples were transferred to nitrocellulose
membranes using the Trans-Blot Turbo system (Bio-Rad, 170-4270)
and protein visualized with Ponceau Stain (Sigma-Aldrich, P7170).
Membranes were blockedin 5% BSA TBS-T (5% BSAin1x TBS, 0.1% Tween
20) for1handincubated with primary antibodies overnightin 5% BSA
TBS-T (STAT3,1:1,000 dilution, mouse mAb 9139, and phosphor-STAT3
Tyr705,1:500 dilution, rabbit mAb 9145, Cell Signalling Technologies;
B-actin, 1:10,000 dilution, mouse mAb ab8226, Abcam; SREBP2,1:1,000
dilution rabbit pAb ab30682, Abcam; SPHK1 1:1,000 dilution; rabbit
mAb 12071, Cell Signalling Technologies; GAPDH 1:5,000 dilution, rab-
bit mAb 5174, Cell Signalling Technologies; TATA BP 1:2,000 dilution
rabbit mAb ab220788, Abcam; vinculin 1:10,000 dilution, rabbit mAb
ab129002, Abcam). Membranes were washed three times with TBS-T
and incubated in secondary antibodies (Anti-Rabbit IgG, HRP-linked
Antibody, Cell Signalling, 7074 and Anti- Mouse IgG, HRP-linked Anti-
body, Cell Signalling, 7076,1:5,000 dilution) in 5% BSA TBS-T for1 hat
room temperature. Membranes were washed three times with TBS-T
and were visualized using the ECL Western Blotting Detection Reagents
(Merck, Cytiva RPN2209) and blots were imaged using the Bio-Rad
ChemiDoc imaging system using the optimal autoexposure settings.
Quantification of bands was performed by densitometry analysis
using Image]J software (version 1.530) to normalize protein bands to
their respective loading controls. Phospho-protein quantification
was presented as a ratio of normalized phosphorylated protein to
normalized total protein.

qPCR

RNAwas collected in triplicate from 8 x 10° cellsand were processed and
RNA extracted using RNeasy MiniKit (Qiagen, 74104). Concentration
was determined with the Qubit RNA BR Assay (Invitrogen, Q10210) and
500 ng RNA was reverse transcribed to cDNA using TagMan Reverse
Transcription Reagents (Thermo Fisher, N8080234) and diluted at
al:20 ratio in nuclease-free water. Genes were quantified by qPCR
using TagMan Gene expression assays and Fast Mastermix (Thermo
Fisher,4444556) ona QuantStudio 3 system. GAPDH (Hs02758991_g1)
and ACTB (Hs01060665_g1) were used as housekeeping genes. VIM
(Hs00958111_m1), FNI (Hs01549976_m1), SNAI2 (Hs00161904_m1)
and SPHK1 (Hs00184211_m1) were quantified and normalized to the
geometric mean of both housekeeping genes and relative expression
calculated using 27,

Lentiviral shRNA transfection

Knockdown of SPHK1 expression in FADU cells was performed using
shRNA Lentiviral Particles (Santa Cruz Biotechnology). For SPHK1
knockdown, SPHK1shRNA (h) lentiviral particles (sc-44114-V) were used
alongside ascramble control, Control shRNA Lentiviral Particles A (sc-
108080). A total of 5 x 10* cells were cultured in cell culture media with
5 pug ml™ Polybrene (Santa Cruz Biotechnology, sc-134220). Lentiviral
particleswereaddedto cells and incubated overnight. Media contain-
ing lentiviral particles and Polybrene was removed, and cells were
incubated in DMEM overnight before performing selection of trans-
fected cells using increasing concentrations of puromycin over 72 h.

Once cells were stably growing in puromycin, cells were cultured as
normalin DMEM. Knockdown of SPHKI gene expression was validated
by gPCR and western blot.

RNA sequencing

For fibroblast RNA sequencing, RNA was extracted from 400,000
fibroblasts cultured in six-well plates for 72 h in serum-free DMEM to
match secretome collection conditions. For SCC RNA sequencing,
IC19, UMSCCO1and SKMES1 were plated at 80% confluence and treated
with fibroblast secretomes for 24 h or serum-free DMEM control in
triplicate. RNA was extracted using RNeasy mini kits (Qiagen, 74104)
and quantified with Qubit RNA broad range assay (Thermo Fisher,
Q10210). Sequencing was performed by GENEWIZ (Azenta Life Sci-
ences). Libraries were prepared with polyA selection and sequenced
on 2 x150-base-pair paired-end reads. SCC sequencing was per-
formed at approximately 20 million reads per sample. Fibroblasts
were sequenced using a strand-specific protocol with approximately
30 million reads per sample. The RNA-sequencing reads underwent
quality checking using the FASTQC programme. Then, Trim Galore
v. 0.6.10 was utilized to inspect and remove adaptor contamination.
Subsequently, the clean reads were aligned to the human reference
genome assembly (GRCh38) using the STAR aligner v.2.5.1b% in either
single-end or paired-end mode based on the sequencing protocol,
with default parameters. The mapped data were then converted to
gene-level integer read counts using featureCounts®, and the Ensemble
gene annotation (Homo_sapiens.GRCh38.85.gtf). Differential expres-
sion analysis was performed using the DESeq2 (version 1.28.1)° pack-
agedinR (version4.3.0, RStudio Pro2024.04.2, RStudio). Analysis was
performed on protein-coding genes and reads counts were filtered
by removing any gene with less than ten counts across all samples.
Downstream analysis was performed with Ingenuity Pathway Analysis
software (version 111725566, Qiagen) to identify enriched biological
pathways and upstream regulators.

Spatial transcriptomics

The oSCC human specimens analysed by spatial transcriptomics were
obtained from the CCR5396 ORIGINS Study. The ORganoid GeneratioN
Study for Cancer (ORIGINS, NCT05734963) was reviewed and approved
by The Committee for Clinical Research at The Royal Marsden Hospital
(ref. CCR5396) and the North Tyneside 1 Research Committee (ref. 21/
NE/0096, IRAS 292105). cSCC specimens were obtained from Northern
Care Alliance NHS, ethical approval Health Research Authority (IRAS
216310, RECref.16/L02098, sponsored by The University of Manches-
ter). The human luSCC specimens were obtained from the Christie
NHS Foundation Trust Biobank under ethical approval granted by the
local Biobank committee (17_AMVI_01). Indexed sequencing librar-
ies were prepared from H&E-stained Visium Spatial Gene Expression
Slides using the Visium Spatial for FFPE Gene Expression Kit, Human
Transcriptome (10x Genomics, 1000338, 55-pm resolution, untar-
geted transcriptomics), according to the manufacturer’s protocol.
Library quality was checked using the Fragment Analyzer (Agilent).
Libraries were quantified by qPCR using a KAPA Library Quantifica-
tion Kit for lllumina (Roche, 07960336001). Paired-end sequencing
with read lengths of 28 +10 + 10 + 50 base pairs was performed on a
NovaSeq 6000 sequencer (lllumina). Data were processed through
the standard Space Ranger pipeline. Data for the second luSCC sample
were downloaded from BioStudies (E-MTAB-13530). Deconvolution
analysis for cell-type signatures in tumours was performed with the
STdeconvolve package (version1.4.0)*” standard workflow. This pack-
age performs areference-free cell-type deconvolution analysis using
latent Dirichlet allocation modelling to determine the optimal number
of cell signatures. For analysis, spots with fewer than 100 transcript
counts were removed, and genes that are expressed in 100% of spots
or presentinfewer than 5% of spots were removed. To find the optimal
number of cell-type signatures (topics) for each sample, a range of
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latent Dirichlet allocation models were fitted with between 5and 25 cell
types. The optimal number of cell-type signatures (k) was determined
by the model with the lowest perplexity (0SCC:sample1k=13,sample
2 k=12; luSCC: sample 1 k=10, sample 2 k=14; cSCC: sample1k=18,
sample 2 k=22). Marker genes for each signature were determined as
the top 20 genes with the highest log,FC compared to other signatures
(Supplementary Tables 6,10 and 14). The filtered Space Ranger output
was further processed and analysed in the Seurat package (version 5.1)
inR (version 4.3.0). All samples were analysed with the standard Seu-
rat spatial transcriptomics workflow individually. Firstly, spots with
fewer than100 transcripts detected were removed from samples and
cell-type signature (topic) percentages from STdeconvolve analysis
were added to the object metadata. Each sample was normalized with
the SCTransform function and PCA was performed. Dimensionality
reduction and clustering were performed on the first 30 components,
and clusters wereidentified at aresolution of 0.6 for all samples except
for 1.0 for luSCC sample 1. To calculate the distance of each spot to
fibroblasts at the invasive front, thexand y coordinates were extracted
with the GetTissueCoordinates function. For each spot, the minimum
distance toany spot of fibroblasts at the invasive front was calculated by
computing the Euclidean distance from each spot to each invasive front
fibroblast spot and recording the smallest distance. Gene signatures
were calculated using the AddModuleScore function. Gene-set enrich-
ment analysis of marker genes for Seurat clusters was performed using
the clusterProfiler package (version 4.8.3) and compared to Hallmark
pathways by converting gene names to Entrez IDs, ranking genes by
log fold change and compared to Hallmark pathway database using
the msigdbr (version7.5.1), org.Hs.eg.sb (version 3.17.0) and enrichplot
(version1.20.3) packages.

Single-cell RNA-sequencing data analysis

Datafor single-cell RNA sequencing was downloaded from NCBI's Gene
Expression Omnibus (GEO; HNSCC, GSE181919; InSCC, GSE148071
(luSCC samples only); cSCC, GSE218170). Data were imported, pro-
cessed and analysed using the Seurat package (version 5.1) in R (ver-
sion 4.3.0). Each cancer-type dataset was analysed individually. For
HNSCC and ¢SCC datasets, cells were filtered out if they expressed
fewer than 200 or greater than 7,500 unique genes or contained more
than 15% mitochondrial reads. As fewer fibroblasts were presentin
the luSCC samples, no additional filtering cut-offs from the original
sample processing were used. All datasets were normalized with the
SCTransform function, regressing out the percentage of mitochon-
drial reads in HNSCC and luSCC datasets, and PCA was performed.
The Harmony package (version 1.0.3) was used to correct for any
batcheffects between samplesin each dataset. Dimensionality reduc-
tion and clustering were performed on the first 30 components of
the harmony reduction, with a clustering resolution of 0.2. Marker
genes for cell-type clusters were determined with the FindAlIMarkers
function using only genes detected in at least 25% of cells and had a
log,FC greater than 0.25. The cluster containing fibroblasts identi-
fied by expression of fibroblast genes (COL1A1, COL1A2, PI16, SFRP2)
were subset for further analysis. For each fibroblast dataset, cell cycle
analysis was performed using the CellCycleScoring function to assign
a cell cycle score to each cell, based on the expression of G2/M and
S phase marker genes. Normalization, reduction and clustering were
repeated as above on the fibroblast subsets, regressing out G2M and
Sphase scores to remove the effects of cell cycle on fibroblast cluster-
ing. For fibroblast clustering, aresolution of 0.4 was used for HNSCC
data, 1.0 for luSCC data and 0.2 for cSCC data.

For each fibroblast dataset, fibroblast signatures were created
for each cluster by taking the top six marker genes for each cluster
(top ten genes for luSCC) that had the highest fold-change values.
These signatures were used to examine fibroblast signature expres-
sion on the respective SCC spatial transcriptomics samples using the
AddModuleScore function.

Data analysis

Data collection was performed with Microsoft Excel (Microsoft 365,
version 2407), and statistical analysis was performed in GraphPad
Prism (version 9.2, GraphPad Software). For comparisons between
two groups, Mann-Whitney tests were used, and for compari-
sons between three or more groups, Kruskal-Wallis with Dunn’s
multiple-comparison tests were used. A Pvalue < 0.05 was considered
significant, after correcting for multiple testing where necessary.
For human studies, statistical analysis was performed in R (version
4.3.0, RStudio Pro 2024.04.2, RStudio Inc). ssGSEA was performed
using the GSEABase (version 1.50.1) and GSVA (version 1.36.3) pack-
ages in R. Survival analysis was performed using survival (version
3.1-12) and survminer (version 0.4.9) packages. Univariate grouped
survival analysis was performed with Kaplan-Meier and log-rank
tests, and multivariate analyses with Cox regression models, with
evaluation of the proportional-hazard assumption. Gene expression
(log,(x +1) normalized RSEM) and clinical data from the TCGA LUSC
and HNSC datasets were accessed from the UCSC Xena data portal
(https://xenabrowser.net/datapages/). The TNF/EMT gene signature
was calculated in the TCGA HNSC primary tumour cohort using ssGSEA
with a custom gene set including the 15 overlapping TNF-EMT genes
from SCC RNA sequencing (Supplementary Table 1). TRACERX lung
cancer datawere downloaded from Zenodo (https://doi.org/10.5281/
zenodo.7819449)%, Public datasets were downloaded from the GEO
(GSE140523, GSE202048, GSE186775, GSE84293, GSE33479, GSE94611,
GSE135975 and GSE244065). Fibroblast differential expression by
anatomic site was performed using the DESeq2 package in R, and dif*-
ferentially expressed genes were further analysed using Ingenuity
Pathway Analysis software (Qiagen). Fibroblast signature score was
calculated using the MCPcounter package (version 1.2.0). For array
data, gene expression scores were calculated as the averaged expres-
sion of genes withinabiological pathway. For alist of gene-set pathways
used inanalyses, see Supplementary Table 16.

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

Data availability

Spatial transcriptomic and RNA-sequencing data generated in this
study have been uploaded to the GEO under accession numbers
GSE321832, GSE320602 and GSE322745. Source data are provided
with this paper.

Code availability
Scripts used for analysis are available on Zenodo (https://doi.org/
10.5281/zen0do0.18790615)%.
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Extended Data Fig. 1| Lipid cues from stromal fibroblasts impose SCC invasion
and proliferation. a, cSCC cell line (IC1) invasion in organotypic models with
dermal (yellow), oral (blue), lung (red) fibroblasts (two-sided Mann Whitney U,
ns: non-significant, n = 4 quantifications, two independent constructs). b, 0SCC
cellline (UMSCCO1) invasion in organotypic models with dermal (yellow), oral
(blue), lung (red) fibroblasts (two-sided Mann Whitney U, n = 4 quantifications
two independent constructs). ¢, luSCC cell line (H520) invasion in organotypic
models with dermal (yellow), oral (blue), and lung (red) fibroblasts (two-sided
Mann Whitney U, n =4 quantification over two independent organotypics).

d, Representative images of cSCCIC19, e, 0SCC FADU, f, luSCC H520 proliferation
(Ki67, brown) in organotypic model with dermal (left), oral (middle), lung (right)
fibroblasts, scale=100 pm. g, oSCC (UMSCCO1) proliferation in organotypic
construct with dermal (yellow), oral (blue), lung (red) fibroblasts (two-sided
Mann Whitney U, ns: non-significant, n = 6 quantifications, two independent
organotypics). h, luSCC (SKMES]) proliferation in organotypic constructs with
dermal (yellow), oral (blue), lung (red) fibroblasts (two-sided Mann Whitney U,
ns: non-significant, n = 6 quantifications, two independent organotypics).

i, Ingenuity pathway analysis graphical summary representing most significant

differentially expressed pathways, regulators and gene functions in dermal

and oral/lung fibroblasts. Highlighted pathways and molecules represent lipid
metabolism enrichment. j, Volcano plot of differential gene expression between
dermal and oral/lung fibroblasts, differential expression analysis was performed
using a negative binomial generalized linear model and two-sided Wald test,
p-values were adjusted for multiple comparisons using the Benjamini-Hochberg
method (FDR), red: lipid metabolism genes (adjusted p-value < 0.05).

k, Unsupervised heatmap clustering of fatty acid metabolism genes in fibroblasts
(dermal: green, oral: blue, lung: red), colour scale: red: high expression, blue: low
expression. I, Confluence of SCC cell lines treated with fibroblast secretomes
(control, grey) or Cleanascite treated secretomes (red), represented as a fold
change frombaseline (n = 5independent measurements per cell line, two-

sided Mann Whitney U. ns: non-significant). m, Dead cell counts of SCC cell

lines treated with fibroblast secretomes (control, grey) or Cleanascite treated
secretomes (red) normalised to cell confluence (two-sided Mann Whitney U,
n=5independent measurements per cell line, ns: non-significant). Boxplots:
minimum to maximum values (error bars), box: 25th and 75th percentiles; line:
median. Bar plots display mean + standard error of the mean.
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Extended Data Fig. 2| Sphingomyelin metabolism in oral SCC. a, 0SCC
spheroid invasion with oral fibroblast secretome treated with (blue) or without
(grey) 5 pM ARC39 (two-sided Mann Whitney U, n = 6 replicates, two cell lines,
two independent experiments). b, 0SCC (FADU) spheroid invasion with oral
fibroblast secretome (grey) with 5 pM (blue) and 10 pM (yellow) carmofur
(Kruskal-Wallis, Dunn’s multiple comparisons, Oral FB, 10 pM: n = 8 replicates,
5uM:n=7).c,0SCCspheroid invasion +/- oral fibroblast secretomes control
(grey), 20 pM SPHK2 inhibitor ABC294640 (blue) (two-sided Mann Whitney U,

ns: non-significant, n = 5replicates, two cell lines, two independent experiments).

d, Spheroid invasion of 0SCC with control media (grey) or sphingsine-1-
phosphate (S1P,1 M yellow, 2 uM blue), (two-sided Mann Whitney U,n =6
replicates, two cell lines, two independent experiments). e, Proliferation
(relative confluence) of oSCC treated with 20 pM sphingomyelin (SM) and
with 20 pM imipramine or 2 pM PF543 for 24 h (two-sided Mann Whitney U,
n=S5replicates, bars represent mean, error bars SEM). f, Replicate western blot
of STAT3, phospho-STAT3Tyr705, B-actin in oral SCC (FADU) + dermal or oral
fibroblast secretome, +/- PF-543, S1P rescue, SIPR1 inhibitor (ponesimod), or
STAT3 inhibitor (STX-0119), run on separate blots with independent loading
controls under identical conditions. g, Fold change in pSTAT3 levels relative to
oral fibroblast secretome (Oral sec) in FADU western blots (n = 2 independent
western blots). h, Relative expression (RE) of EMT genes VIM, FN1, and SNAI2

inoral SCC cells treated with oral fibroblast secretome (grey) and 20 pM STAT3
inhibitor (STAT3i, blue) STX-0119 (two-sided Mann Whitney U, n = 9 replicates
across three independent samples). i, Oxygen consumption rate (OCR) plots of
Seahorse assay of 0SCC treated with fibroblast secretome + Cleanascite (control:
n = 8biological replicates, oral FB: n = 24 replicates in two cell lines treated

with three fibroblast secretomes). j, ATP production in oSCC cells treated with
oralfibroblast secretomes +/- lipid stripping (Cleanascite: blue) (OCR: oxygen
consumption rate, n =24 replicates in two cell lines treated with three fibroblast
secretomes, two independent experiments, two-sided Mann Whitney U). k, Basal
respiration and ATP production (I) in oSCC (FADU) treated with sphingomyelin
(SM), sphingosine-1-phosphate (S1P) or oral fibroblast secretome (24 h, two-
sided Mann Whitney U, n = 5replicates). m, Oxygen consumption rate (OCR)
plots of Seahorse assay of FADU treated with sphingomyelin (SM), sphigosine-
1-phosphate (S1P) or oral fibroblast secretome (n = 5 biological replicates). n,
Representative immunofluorescence images of oSCC mitochondria stained with
MitoView 633 (red), before and after exposure to oral fibroblast secretome, scale
=25 pm. o, Basal respiration of FADU cells treated with fibroblast secretome,
Cleanascite treated secretome and rescue with addition of 2 pM S1P (Kruskal-
Wallis, Dunn’s multiple comparisons, n =5 replicates). Boxplots: minimum to
maximum values (error bars), box: 25th and 75th percentiles; line: median. Bar
plots display mean + standard error of the mean.
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Extended Data Fig. 3| Targeting sphingomyelin metabolismin vivo.

a, Tumour volumes of 0SCC (black), oSCC + dermal fibroblasts (yellow),

0SCC +oral fibroblast (blue) tumours in NSG mice (n =7 mice per group).

b, Ki67 immunohistochemistry staining (brown) in oSCC (left), 0SCC + dermal
fibroblasts (middle), oSCC + oral fibroblasts (right) tumours (top: scale=1 mm,
bottom: representative image scale=100 pm). ¢, Kaplan-Meier survival curve

of oral SCC (0SCC, black,) and oral SCC + dermal fibroblasts (0SCC + Dermal

FB, yellow) mice (n =7 per group, two-sided Mantel Cox test). d, Subcutaneous
tumour volumes of oSCC + oral fibroblast tumours in NSG mice in control group
(black) or mice treated with 40 mg/kg imipramine daily (blue) (n = 6 per group,
two-sided linear mixed-effects model, p-values for treatment x time interaction
shown). e, Kaplan-Meier survival curve of oral SCC + oral fibroblasts mice in
control group (black) or mice treated with 40 mg/kg imipramine daily (blue)

(n =6 pergroup, two-sided Mantel Cox test). f, Bar plot representing the percent
of mice that developed lung metastasis in subcutaneous oSCC + oral fibroblast
model with and without imipramine treatment. g, Number of lung metastases
per mouse in control and imipramine treated tumour bearing mice, quantified
by human mitochondriaimmunohistochemistry, (two-sided Mann Whitney U,
ns:non-significant, bars represent mean, error bars SEM, n = 6) h, Representative
images of lung metastases in control and imipramine treated mice, stained for

human mitochondria (brown), (representative image fromn =6

biologically independent mice per condition; all lungs were analysed,

scale =100 pm). i, SPHK1 protein expression in shCtrland shSPHK10SCC cell
line, numbers represent SPHK1 normalised to loading control (Vinculin), western
blot from one biological experiment. j, Relative gene expression of SPHK1 in
shCtrland shSPHK1 0SCC cells quantified by qPCR (two-sided Mann Whitney U,
n=9).k, Spheroid invasion of shCtrl and shSPHK1 0SCC cell lines treated with
oralfibroblast secretome (two-sided Mann Whitney U, n =12 replicates, two
independent secretomes). I, Subcutaneous tumour growth ratein NSG mice
injected with shCtrl oral SCC + oral fibroblasts (shCtrl + oral FB, grey) or shSPHK1
oral SCC + oral fibroblasts (shSPHK1 + Oral FB, blue), (two-sided Mann Whitney
U, n= 6 per group). m, Bar plot representing the percent of mice that developed
lung metastasis in subcutaneous oSCC + oral fibroblast model with shCtrland
shSPHK10SCC cell lines (one-tailed Z-test, n = 6). n, Representative images of
lung metastases in mice injected with shCtrl and shSPHK10SCC cells with oral
fibroblasts, stained for human mitochondria (brown), (representative image
fromn = 6 biologically independent mice per condition; all lungs were analysed,
scale =100 pm). Boxplots: minimum to maximum values (error bars), box: 25th
and 75th percentiles; line: median.
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Extended Data Fig. 4 | See next page for caption.

Nature Metabolism


http://www.nature.com/natmetab

Article

https://doi.org/10.1038/s42255-026-01514-y

Extended DataFig. 4 | Sphingomyelin metabolism in oral SCC tumours.

a, Single sample gene set enrichment analysis (ssGSEA) of differentially
expressed TNF-EMT genes in oral premalignant tissue (PM, n = 9 biological
replicates), oral SCC (0SCC, n =11 biological replicates) and matched normal
adjacent tissue (GSE202048, two-sided Mann Whitney U). b, Expression of
apanel of sphingomyelin metabolism genes in oSCC and normal matched
tissue (GSE186775, n =17 biological replicates, two-sided Mann Whitney U, ns:
non-significant). ¢, Correlation between S1P genes and Fibroblast signature in
TCGA HNSCC primary tumour cohort (two-sided Pearson correlation, n =520
biological replicates). d, Human oSCC tumour haematoxylin and eosin stain
(dotted lines represent invasive front stroma separating tumour, bottom,
from normaltissue, top, n = 2independent tumours analysed; one section per
tumour). e, The corresponding, colour map to d shows gene expression-based
clusters representing distinct spatial transcriptional signatures. f, Spatial
distribution of deconvoluted cell type signatures, each spot represents pie chart
displaying proportion of each signature. g, Heatmap showing overlap between

clusters and cell type signatures in oSCC spatial transcriptomics.

h, Haematoxylin and eosin stain of second human oSCC tumour (n =2
independent tumours analysed; one section per tumour) with correspondingi,
spatial distribution of deconvoluted cell type signatures, each spot represents
pie chart displaying proportion of each signature. j, Spatial expression of
triglyceride catabolism and cholesterol synthesis (k) gene signatures in first oral
SCC tumour, colour: gene expression (low: blue, red: high). 1, Spatial expression
of triglyceride catabolism and cholesterol synthesis (m) gene signatures
insecond oral SCC tumour, colour: gene expression (low: blue, red: high).

n, Quantification of IL-6 expression by immunofluorescence in oral fibroblasts
co-cultured with oral SCC cells (two-sided Mann Whitney U, n = 5 biological
replicates). 0, Representative immunofluorescent images of IL-6 (red) in control
and co-cultured oral fibroblasts (representative image from n = 5 biologically
independent wells; 122 fields per well analysed, scale: 25 um, arrows highlight
IL-6 expression). Boxplots: minimum to maximum values (error bars), box: 25th
and 75th percentiles; line: median.
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Extended DataFig. 5| Fibroblast heterogeneity in oral SCC. a, UMAP plot

of HNSCC single cell RNA sequencing dataset (GSE181919) containing HNSCC
primary and metastatic tumours, premalignancy (leukoplakia) and normal oral
tissue. b, Dot plot of fibroblast marker genes showing enrichment of fibroblasts
incluster 0.c, UMAP plot of fibroblasts (cluster 0) subclustered into distinct
fibroblast populations. d, Bar plot displaying the frequency of each fibroblast
population in HNSCC primary tumours (CA), lymph node metastases (LN),
premalignancy (LP) and normal oral tissue (NL). e, Dot plot of the expression of

top six marker genes for each fibroblast cluster, size of dot represents percent

of cells gene expressed in, colour represents expression level (white: low, red:
high). f, Expression of each fibroblast clusters marker gene signature in spatial
transcriptomics oSCC tumour fibroblast regions (colour represents expression
levels, black: low, yellow: high). g, Expression of each fibroblast clusters marker
gene signature in second spatial transcriptomics oSCC tumour fibroblast regions
(colour represents expression levels, black: low, yellow: high).
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Lung fibroblast triglyceride biology. a, Quantification
of BODIPY stained fibroblast lipid droplets (Kruskal-Wallis, Dunn’s multiple
comparisons, ns: non-significant, n =9, three replicates, three cell lines/group).
b, Immunofluorescence: lipid droplets in lung fibroblasts, green: BODIPY, blue:
Hoechst, scale=20 pm. ¢, Reactive oxygen species quantified in fibroblasts over
24 hwith CellROX (Kruskal-Wallis, Dunn’s multiple comparisons, n = 8, four
independent replicates of two cell lines per group). d, Lipid droplets in lung
fibroblasts + N-acetyl-cysteine (Kruskal-Wallis test, ns: non-significant,n=6
replicates, two cell lines). e, Triglyceride quantification in secretome of control
fibroblasts (grey) or fibroblasts treated with fatty acid (FA) supplemented
media (red) (two-sided Mann Whitney U, n = 6 biological replicates across two
independent secretomes). f, cSCC and luSCC spheroid invasion after dermal
fibroblast secretome (Dermal FB), or after fatty acid (FA) supplemented media
cultured dermal fibroblasts (two-sided Mann Whitney U, ns: non-significant,
n=10replicates, two cell lines, two experiments). g, Apolipoprotein genes
expressionindermal, lung fibroblasts, colour: red high, blue low. h, APOE

gene expression in RNA sequencing of dermal, oral, lung fibroblasts (two-sided
Mann Whitney U, ns: non-significant, n = 6 replicates, three cell lines).

i, Immunofluorescence: lipid droplets (left, BODIPY), APOE (middle), merged

(right), in dermal (top) and lung fibroblasts (bottom). Arrow: co-localisation
APOE and lipid droplets, green: BODIPY, orange: APOE, blue: Hoechst,

scale =20 um. j, Lipid droplets quantified in wild type (WT) and Apoe knockout
(Apoe-/-) murine lung fibroblasts (two-sided Mann Whitney U, WT n=10
biological replicates, Apoe-/- n =15 biological replicates). k, Quantification of
lipid droplets transferred from WT and Apoe-/- lung fibroblast to lung SCC cells
with BODIPY labelled secretome (two-sided Mann Whitney U, n = 5 biological
replicates). 1, Triglycerides in lung fibroblast secretomes after treatment with

10 pM Triacsin C for 48 h (two-sided Mann Whitney U, n = 9 biological replicates
across three independent secretomes). m, Quantification of lipid droplets
transferred from control (grey) or 10 uM Triacsin C treated (red) lung fibroblasts
to lung SCC cells (two-sided Mann Whitney U, n = Sbiological replicates).

n, Representative images of lung SCC cells treated with BODIPY labelled lung
fibroblast secretomes (left: control fibroblast secretome, right: Triacsin C treated
fibroblast secretome, representative image from n = 5 biologically independent
wells; 122 fields per well analysed, scale: 25 pm). o, Correlation between luSCC
spheroid +fibroblast secretome invasion and oxidative phosphorylation (two-
tailed Pearson, R = 0.037, p = 0.8749). Boxplots: minimum to maximum values
(error bars), box: 25th and 75th percentiles; line: median.
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Extended Data Fig. 7 | Lipid droplet biology accelerates luSCC progression.

a, Westernblot and b, quantification of cytoplasmic and nuclear cleaved SREPB2
inluSCC cell line SKMESI after treatment with lung fibroblast secretome (red,
western blot from one biological experiment). ¢, LuSCC (SKMESI) spheroid
invasion +lung fibroblast secretome +/- 5 pM atorvastatin (two-sided Mann
Whitney U, n=15replicates, 3 lung fibroblast secretomes, boxplots: minimum to
maximum values (error bars), box: 25th and 75th percentiles; line: median).

d, Mean tumour volume IuSCC (n = 8), luSCC +lung fibroblasts (n = 7), luSCC +
lung fibroblasts + atorvastatin (n = 8). (two-sided linear mixed-effects model,

p- values for treatment x time interaction shown) e, Kaplan-Meier of survival of
NSG mice subcutaneously injected with lung SCC cell line SKMES1 treated with

Days Days

atorvastatin (20 mg/kg) (brokenline, n = 8) (two-sided Mantel Cox test).

f, Correlation between hypoxia gene expression signature and fibroblast
signature in the LUSC TCGA dataset (two-sided Pearson correlation, n=553)

g, and the TRACERXx cohort (two-sided Pearson correlation, n = 290). h, Kaplan-
Meier survival in TRACERx luSCC by fibroblast signature relative to the median
(two-sided log-rank test, p = 0.0013, n = 295). i, Kaplan-Meier survival in LUSC
TCGA by PNPLA2 (ATGL) relative expression to the median (two-sided log-rank
test, p = 0.0018,n=501). j, Kaplan-Meier survival in TRACERx luSCC by PNPLA2
(ATGL) relative expression to the median (two-sided log-rank test, p = 0.034,
n=295).
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8| Triglyceride and cholesterol biology in lung SCC
tumours. a, Spatial distribution of deconvoluted cell type signatures in
humanlung SCC sample, each spot represents pie chart displaying proportion
of each signature represented by colours. b, COL1A1 (left, fibroblast), and

¢, MYL9 (right, smooth muscle) stromal gene expression in luSCC spatial
transcriptomics, colour: gene expression (low: blue, red: high). d, Spatial
distribution of deconvoluted cell type signatures in second human lung SCC
sample, each spot represents pie chart displaying proportion of each signature
represented by colours. e, Heatmap showing overlap between deconvoluted
celltype signatures and gene expression-based clusters (f) representing distinct
spatial transcriptional signatures in lung SCC spatial transcriptomics (colours
represent distinct clusters). g, Spatial transcriptional expression of epithelial
cell signatures (left) and spatial fibroblast signature (right) second lung SCC
tumour, colour: proportion of each spot represented by signature (blue: low,
red: high). h, Spatial distribution of triglyceride catabolism and cholesterol
synthesis (i) gene signatures in second lung SCC sample, colour: proportion of

each spot represented by signature (blue: low, red: high). j, Spatial distribution
of lipid droplet PLIN gene signature score in lung SCC tumours, colour: signature
expression (low: blue, red: high). k, Spatial distribution and quantification (I) of
S1P signalling gene signature in tumour (red) and stromal (blue) compartments
of second lung SCC tumour (two-sided Mann Whitney U). m, Spatial distribution
of S1P and n, pleural signatures in first lung SCC tumour. o, Quantification of
S1P gene signature in tumour compartment and adjacent tissue of first lung SCC
tumour (two-sided Mann Whitney U). p, Immunofluorescence quantification
ofalpha smooth muscle actin (aSMA) in lung fibroblasts co-cultured with lung
SCC celllines (two-sided Mann Whitney U, n = 5 biological replicates, ns: non-
significant). q, Representative immunofluorescence images of XSMA (green)

in control (left) and co-cultured (right) lung fibroblasts (representative image
fromn =S5 biologicallyindependent wells; 122 fields per well analysed, scale:

25 pm). Boxplots: minimum to maximum values (error bars), box: 25th and 75th
percentiles; line: median value.
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Extended Data Fig. 9| See next page for caption.
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Extended Data Fig. 9 | Fibroblast heterogeneity in lung SCC. a, UMAP plot of
single cell RNA sequencing dataset (GSE148071) of lung SCC tumours. b, Dot
plot of fibroblast marker genes showing enrichment of fibroblasts in cluster
5.¢, UMAP plot of fibroblasts (cluster 5) subclustered into distinct fibroblast
populations. d, Dot plot of the expression of top seven marker genes for each
fibroblast cluster, size of dot represents percent of cells gene expressed in,

colour represents expression level (white: low, red: high). e, Expression of each
fibroblast clusters marker gene signature in spatial transcriptomics lung SCC
tumour fibroblast regions (colour represents expression levels, black: low,
yellow: high).f, Expression of each fibroblast clusters marker gene signature
insecond spatial transcriptomics lung SCC tumour fibroblast regions (colour
represents expression levels, black: low, yellow: high).
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Extended Data Fig. 10 | Lipid metabolism and fibroblast heterogeneity
inhuman c¢SCC. a, Biological pathways significantly downregulated with
progression from UV damaged skin to cSCC, red bars: lipid metabolism
pathways. b, Single sample gene set enrichment analysis (ssGSEA) score of lipid
metabolism genes in ultraviolet radiation (UV) exposed skin, actinic keratosis
(insitu cSCC), and cutaneous SCC (cSCC) samples (GSE84293, two-sided Mann
Whitney U, n =7 skin, n =10 actinic keratoses, n = 9 ¢SCC), boxplots: minimum to
maximum values (error bars), box: 25th and 75th percentiles, line: median.

¢, UMAP plot of cSCC single cell RNA sequencing dataset (GSE218170) containing
¢SCC tumours, premalignancy (Bowen'’s disease) and normal skin. d, Dot plot of
fibroblast marker genes showing enrichment of fibroblasts in cluster 2, 5and 8.

e, UMAP plot of fibroblasts (cluster 2, 5, 8) subclustered into distinct fibroblast
populations. f, Bar plot displaying the frequency of each fibroblast populationin
¢SCC tumour, premalignancy (pre) and normal skin. g, Dot plot of the expression
of top six marker genes for each fibroblast cluster, size of dot represents percent
of cells gene expressed in, colour represents expression level (white: low, red:
high). h, Expression of each fibroblast clusters marker gene signature in spatial
transcriptomics cSCC tumour fibroblast regions (colour represents expression
levels, black: low, yellow: high). i, Expression of each fibroblast clusters marker
gene signature in second spatial transcriptomics cSCC tumour fibroblast regions
(colour represents expression levels, black: low, yellow: high).
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
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|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|Z| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OXX 0O 0000 01 00l
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Data was collected using Microsoft Excel (Microsoft 365, version 2407), histology data was collected using Olympus VS200 slide scanner
(Olympus) and HALO software (Indica labs, version 3.6.4134.314), spheroid invasion data was collected using EVOS XL Core, Thermo Fisher
Scientific, AMEX1000, ELISA and plate assay data was collected using VarioSkan Lux plate reader (Thermo Fisher Scientific) and Skanlt
Software (Research edition, Version 7.0.2), seahorse metabolic data was collected on Seahorse XFe96 Analyser system (Agilent Technologies)
with Wave software (Agilent Technologies, version 2.6.1.53), immunofluorescence was collected on Opera Phenix (Perkin Elmer) with
Harmony software (Perkin Elmer, Version 6.9), proliferation data was collected with IncuCyte S3 (Essen Bioscience) with IncuCyte Software
(Essen Bioscience, 2020C Rev1), western blot data was collected with ChemiDoc system (BioRad), spatial transcriptomics data was collected
with NovaSeq 6000 (lllumina). gPCR data was collected with QuantStudio 3 system (Thermo Fisher Scientific).

Data analysis Image analysis was performed using HALO software (Indica labs, version 3.6.4134.314). Seahorse metabolism data was analysed using Wave
software (Agilent Technologies, version 2.6.1.53), immunofluorescence data was analysed using Harmony software (Perkin Elmer, Version
6.9), western blot images were analysed using Imagel software (version 1.530), RNA sequencing analysed with FASTQC, Trim Galore v0.6.10,
STAR aligner v2.5.1b and downstream analysis performed in (version 4.3.0 RStudio Pro 2024.04.2, RStudio Inc).and Ingenuity Pathway
Analysis software (IPA, Qiagen). Spatial Transcriptomics data was processed with Space Ranger and analysed in R. For in vitro and in vivo
studies statistical analysis was performed in GraphPad Prism (version 9.2, GraphPad Software, Inc.). Analysis of public data sets and clinical
data statistical analysis was performed in R (version 4.3.0 RStudio Pro 2024.04.2, RStudio Inc). All analyses packages and software are cited in
methods.
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For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Public data sets were downloaded from NCBI Gene Expression Omnibus (GEO) (GSE140523, GSE202048, GSE186775, GSE84293, GSE33479, GSE94611, GSE135975,
GSE244065, GSE181919, GSE148071, GSE218170)

Data for second lung SCC sample was downloaded from BioStudies (E-MTAB-13530).

TCGA data was downloaded from the UCSC Xena data portal (https://xenabrowser.net/datapages/)

TRACERX lung cancer data was downloaded from Zenodo (https://zenodo.org/records/7819449)

The datasets generated during the current study are available in the Supplementary Tables, Spatial transcriptomic and RNA sequencing data generated in this study
have been uploaded to the Gene Expression Omnibus under accession numbers GSE321832, GSE320602, and GSE322745. Source data are provided with this paper.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender We used five human samples, male, which were the ones available from Biobank and Royal Marsden, and Northern Care
Alliance NHS

Reporting on race, ethnicity, or | As we analysed 1 or 2 samples per cancer group, there is no possibility to stratify by age, sex, race, ethnicity or other socially

other socially relevant relevant characteristics. Samples were chosen by availability.

groupings

Population characteristics cancer patient SCC

Recruitment tissue availability two samples

Ethics oversight The oral SCC human specimens analysed by spatial transcriptomics was obtained from the CCR5396 ORIGINS Study. The

ORganoid GeneratioN Study for Cancer (ORIGINS, NCT05734963) was reviewed and approved by The Committee for Clinical
Research at The Royal Marsden Hospital (reference CCR5396) and the North Tyneside 1 Research Ethics Committee
(reference 21/NE/0096, IRAS 292105). Cutaneous SCC specimens were obtained from Salford Royal Northern Care Alliance,
ethics approved by the Human Research Authority, Study title: Mechanistic differences driving distinct skin cancer subtypes
IRAS project ID: 216310 REC reference: 16/L0/2098, Sponsored by the The University of Manchester The human lung SCC
specimens were obtained from the Christie NHS Foundation Trust Biobank under ethical approval granted by the local
Biobank committee (17_AMVI_01).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Izl Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size In vitro: Two independent cell lines per SCC type, three independent cells per fibroblast cell type. The number of SCC lines was limited by their
scarcity and availability. The number of 3 patient fibroblasts was also selected by patient sample availability. Secretomes were collected from
all fibroblast cell lines in a minimum of biological duplicate. Organotypics were made with independent duplicates for each SCC cell type.
Spheroids were performed with all SCC cell lines with a minimum n=8, using 3 independent fibroblast cell line secretomes per condition, run
across two independent experiments. RNA sequencing was performed on independent biological duplicates for all cell lines sequenced.
Seahorse experiments were run with 5 independent replicates per cell line per condition.

In vivo: Group sizes (n = 6-8 per group) were selected based on prior in vivo tumour growth experiments from our laboratory and published
studies demonstrating that this number provides sufficient power to detect biologically meaningful differences in tumour burden while
minimising animal use. Assuming a 35% difference in tumour volume between groups, a standard deviation of 25%, a two-sided a of 0.05 and
80% power, a minimum of 6 mice per group was required. To account for potential attrition, 7-8 mice per group were used in some
experiments.

Public data sets: All relevant data points were included.
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Data exclusions  Two mice were excluded from analyses in vivo study as the did not develop tumours after subcutaneous injection.

Replication in vitro: Three independent cell lines were used for each fibroblast type and two independent cell lines per SCC group. All experiments were
performed with at least two independent fibroblasts per group in biological duplicate as indicated. Spheroid assays were replicates across two
independent experiments. All replication experiments were successful.

Randomization  Treatments of mice with statins were randomized within each cage, assessment of histology was done by TB, LM and AV, blinded for group.

Blinding All'in vivo tumour volume measurements were taken by a technician who was blind to the experimental rationale.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

=
Y]
=t
=
@
1®)
@)
=
o
=
®
o)
@)
=
=
(e}
wv
c
=
=
o
=<

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChlP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern

Plants

NYXOXOOS
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Antibodies

Antibodies used Ki67, Agilent, M7240, 1:200 dilution
Vinculin, Abcam, ab129002, 1:10,000 dilution
SPHK1, Cell Signalling, 12071, 1:1000 dilution
Human mitochondria, Abcam, ab92824, 1ug/ml dilution
IL-6, Abcam, ab233706, 1:200 dilution
SREBP2, Abcam, ab30682, 1:1000 dilution
TATA Binding protein, Abcam, ab220788, 1:2000 dilution
Alpha smooth muscle actin, Abcam, ab7817, 1:200 dilution
APOE, Abcam, ab183597, 1:1000 dilution
S1P, Echelon Biosciences, Z-P300, 1:500 dilution
goat anti-rabbit Alexa Fluor 488, Thermo Fisher, A32731, 1:1000 dilution
goat anti-mouse Alexa Fluor 488, Thermo Fisher, A32723, 1:1000 dilution
goat anti-rabbit Alexa Fluor 555, Thermo Fisher, A32732, 1:1000 dilution
STAT3, 9139, Cell Signalling, 1:1000 dilution
phosphor-STAT3 Tyr705, 9145, Cell Signalling, 1:500 dilution
B-actin, ab8226, Abcam, 1:10,000 dilution
Anti-Rabbit IgG, HRP-linked Antibody, Cell Signalling, 7074, 1:5000 dilution
Anti- Mouse IgG, HRP-linked Antibody, Cell Signalling, 7076, 1:5000 dilution

Validation All antibodies used were validated for the specific application and species by the manufacturers and all antibodies were used

according the manufactures instructions only for the validated species and application. Additionally, we validated staining in human
tonsil as a positive control alongside an isotype negative control antibody.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) IC1 (male) and IC19 (male) were provided by Prof. Catherine Harwood from Queen Mary University London
SKMES1 (male) and H520 (male) were acquired from Dr Carlos Lopez-Garcia, Cancer Research UK Manchester Institute.
UMSCCO1 (male) and FADU (male) were acquired from Prof Catherine West, University of Manchester
Normal lung fibroblasts were purchased from Lonza (CC-2512) (2x female, 1x male)
Two oral fibroblast cell lines (male) were purchased from Generon (CTICC1.8.2)
One oral fibroblast cell line was provided by Prof Caroline Gaudy, Aix-Marseille Université
Dermal fibroblasts were established from redundant skin acquired during surgical resection of the wide local excision of
healthy skin. Three dermal fibroblast cell lines were from female donors.

Authentication Cancer cell lines were authenticated by STR profiling




Mycoplasma contamination All the cell lines tested negative for Mycoplasma in monthly testing by LookOut Mycoplasma PCR kits

Commonly misidentified lines No commonly misidentified cell lines were used in this study

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research
Laboratory animals
Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Mus musculus, NSG, 8-12 weeks old; C57BL/6 8 weeks old; Apoe -/- C57BL/6 8 weeks old

Study did not involve wild animals

All mice used in subcutaneous tumour models were female. C57BL/6 WT and Apoe -/- for fibroblast extraction were male
Study did not involve samples collected from the field.

All procedures involving animals were performed under the Home Office approved project license PPL PP0466403, and UK Home
Office regulations under the Animals (Scientific Procedures) Act 1986. The study received ethical approval by the Cancer Research UK
Manchester Institute’s Animal Welfare and Ethics Review Body (AWERB).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
wus uppiied o ) )
Deseribe-any-atuthentication-procedures for-eachseed stock-tised-or-novel-genotype-generated—Describe-any-experiments-tsed-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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