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The tumour evolution model posits that malignant transformation is preceded by
randomly distributed driver mutations in cancer genes, which cause clonal expansions

in phenotypically normal tissues. Although clonal expansions can remodel entire
tissues' >, the mechanisms that result in only a small number of clones transforming
into malignant tumours remain unknown. Here we develop anin vivo single-cell
CRISPR strategy to systematically investigate tissue-wide clonal dynamics of the 150
most frequently mutated squamous cell carcinomagenes. We couple ultrasound-guided
inutero lentiviral microinjections, single-cell RNA sequencing and guide capture

to longitudinally monitor clonal expansions and document their underlying gene
programmes at single-cell transcriptomic resolution. We uncover a tumour necrosis
factor (TNF) signalling module, which is dependent on TNF receptor 1and involving
macrophages, that acts as a generalizable driver of clonal expansions in epithelial
tissues. Conversely, during tumorigenesis, the TNF signalling module is downregulated.
Instead, we identify a subpopulation of invasive cancer cells that switch to an autocrine
TNF gene programme associated with epithelial-mesenchymal transition. Finally,

we provide invivo evidence that the autocrine TNF gene programme is sufficient to
mediate invasive properties and show that the TNF signature correlates with shorter
overall survival of patients with squamous cell carcinoma. Collectively, our study
demonstrates the power of applying in vivo single-cell CRISPR screening to mammalian
tissues, unveils distinct TNF programmes in tumour evolution and highlights the
importance of understanding the relationship between clonal expansions in epithelia

and tumorigenesis.

Tumour evolution begins with the transformation of single or multi-
ple cells that expand to form a tumour mass. Malignant transforma-
tion is preceded by randomly distributed driver mutations in cancer
genes, which cause clonal expansions in phenotypically normal tissues.
These clonal expansions increase the pool of cells that can accumu-
late additional driver mutations until asufficient set of mutations and
gene-expression changes are acquired to enable malignant transforma-
tion. Notably, driver mutations in cancer genes occur with asurprisingly
high frequency innormal human epithelia such as the skin, oesophagus
or colon' 2. Inaddition, rather than only being viewed as the underlying
basis for transformation, highly competitive driver mutation clones
canalso have atumour-suppressive role by eliminating new emerging
tumours through clonal competition®*. These observations raise the
question of the fundamental relationship between clonal expansions
innormal epitheliaand their role in driving malignant transformation.

Although pooled CRISPR screens are powerful tools for studying
clonal growth in vivo, they are limited to simple readouts such as

proliferation, averaged over all tissue cell types. The monitoring of
genetically perturbed clones in normal epithelia and tumorigenesis
requires scalable, tissue-wide platforms that can profile the transcrip-
tomic consequences of gene perturbationsacrossall cell types. Here, we
combine ultrasound-guided in utero microinjections into embryonic
stage 9.5 (E9.5) mouse embryos with a single-cell CRISPR strategy to
systematically document clonal expansions at single-cell transcrip-
tomic resolution and outline the molecular processes that distinguish
them from tumorigenesis.

Invivo single-cell CRISPR screening

To monitor tissue-wide clonal expansion using an in vivo single-cell
CRISPR strategy, we adjusted the CRISPR droplet sequencing
(CROP-seq) system>® by substituting the puromycin cassette with
mCherrytoenable selection ofinfected cells by fluorescence-activated
cellsorting (FACS) (Fig.1a). We selected the 150 most frequently altered
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Fig.1|Invivo CRISPR screening to monitor clonal expansioninthe mouse
skin. a, Schematic of the in vivo CROP-seq strategy to couple pooled CRISPR
screening with single-cell transcriptomic readout. LTR, long terminal repeat;
U6, U6 RNA polymerase Ill promoter; UMAP, uniform manifold approximation
and projection; WPRE, woodchuck hepatitis virus post-transcriptional regulatory
element.b, The sgRNA library targets the 150 most frequently mutated genes
(3sgRNAs per gene and 50 control sgRNAs) in patients with HNSCC or sSCC.
sgControl, sgGenel and sgGene2 refer to non-targeting control sgRNAs or
sgRNAs targeting gene1land gene 2, respectively. Mut., mutations. ¢, Whole-
mountimmunofluorescence staining of mCherry-positive clonal expansionsin
P4 and P60 mouse skin. Immunofluorescenceimages provide a planar view

genes in human head and neck squamous cell carcinoma (HNSCC)
and skin squamous cell carcinoma (sSCC), comprising 134 mutated
genes and 16 copy number variations (CNVs) (15 of which are ampli-
fications) (Fig. 1a,b and Extended Data Fig. 1a-c). Leveraging the
ultrasound-guided in utero microinjection system”s, we delivered the
lentiviral library into the amniotic cavity of E9.5 mouse embryos to
infect the single-layered surface ectoderm of Cas9-expressing embryos
and introduce loss-of-function mutations in each of the selected can-
cer genes’. The library carrying the 500 single guide RNAs (sgRNAs)
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across the epidermis. CD45 staining marks haematopoietic cells. Scale bars,

50 um.d, Schematic representation of the anatomical localization of the
different cell populationsin the P60 mouse skin. UHF, upper hair follicle. e, UMAP
ofthe 9 cell populationsidentified by the in vivo single-cell CRISPR strategy for
cellsinskin from P60 mice (n=183,084 cells from 10 mice, following filtering
and sgRNA annotation). Top right, cell cycle phase superimposed on the UMAP.
f,sgRNAs are uniformly detected in all major cell populations. The UMAP shows
totalmCherry-sorted P60 cells. g, Visualization of cell-type-specific marker
gene expression by Nebulosa density plots. DC, dendritic cell (Langerhans cell);
max., maximum; min., minimum.

(3 sgRNAs per gene) is stably propagated by the surface ectoderm,
whichgives rise to the epidermis and different skin appendages”°. At
postnatal day 4 (P4) and 60 (P60), we collected epidermal tissues, sorted
for mCherry-positive infected cells, and analysed them by single-cell
RNA sequencing (scRNA-seq) to assess gene-expression profiles and
capture sgRNA identity (Fig. 1a). We generated scRNA-seq libraries
comprising atotal of 477,773 single cells. Following stringent filtering
and sgRNA annotation, we obtained 120,077 P4 and 183,084 P60 single
cells, providing an average coverage of 240 P4 cellsand 366 P60 cells per



guide. Toreduce double sgRNA infections’, we aimed at infection rates
between 1% and 12.5 %, resulting in multiple infection rates under 1%
(Extended DataFig.1d). Whole-mountimmunofluorescence imaging of
the P4 and P60 skin confirmed the clearly separated mCherry-positive
clusters within the epidermis (Fig. 1c and Supplementary Fig. 1).

To validate our approach, we first confirmed the efficiency of
selected sgRNAs and found a 67-86% editing efficiency in keratino-
cytes (Extended DataFig.1e).Second, the control library of 50 sgRNAs
was overall stably propagated across the time points (Extended Data
Fig.1f). Third, to validate the accuracy of our sgRNA assignments and
single-cell transcriptomic data, we examined Notchl sgRNA cells, which
exhibited asignificant downregulation of NotchlI target genes such as
Hesl, Fzd1 and Tcf712 (Extended Data Fig. 1g). Fourth, we assessed the
reproducibility of our results and found that the enrichment and deple-
tionofthe top and bottom 20 sgRNAs correlated well over 8 replicates
in P60 mice (Extended Data Fig. 1h,i and Supplementary Fig. 2).

Our strategy enabled the identification of 9-10 distinct
sgRNA-containing cell typesin the P4 and P60 mouse skin, including epi-
dermalstem cells (EpSCs), suprabasal cells, hair follicle cells, sebaceous
glands, T cellsand macrophages (Fig. 1d,e and Extended DataFig. 2a-d).
The classic marker genes, such as Krt14 for EpSCs, Krt10 for suprabasal
stem cells and Cd34 for bulge stem cells, showed specific expression
in the corresponding clusters™ (Fig. 1g and Extended Data Fig. 2e,f).
Moreover, sgRNAs were uniformly detected throughout these clusters
(Fig. 1f). Together, the in vivo single-cell CRISPR strategy that we estab-
lished provides a powerful tool to study tissue-wide gene functioninthe
epidermis by coupling single-cell transcriptomics with sgRNA capture.

Monitoring clonal expansion

Previous ultradeep sequencing effortsin phenotypically normalhuman
skinrevealed somatic mutations in cancer driver genes, with the highest
burden of NOTCHI and NOTCH2 family, FATI and TP53 mutations>. To
determine clonal expansions in the mouse epidermis, we computed
thetotal sgRNA enrichment compared to the initial library (TO) across
the P4 and P60 time points. Consistent with findings in normal human
skin, the P60 epidermis exhibited a strong enrichment of guides tar-
geting Fatl, Notchl, Trp53 and Notch2, alongside less-characterized
genes such as those encoding the ryanodine receptor (Ryr3) and the
actin-binding protein (Xirp2) (Fig. 2a, Extended Data Fig. 3a and Sup-
plementary Tables1and 2). At P4 stage, following embryonic stratifi-
cationand differentiation, Fat1, Notchl and Trp53 mutant clones were
already expanded (Extended DataFig.3b). Betweenthe P4 and P60 time
points, whereas Notch2, Notchl and Trp53 continued to demonstrate
clonal expansion, myosin heavy chain (Myh2) and cadherin (Cdh10)
emerged as the top enriched mutant genes (Extended Data Fig. 3¢).
By contrast, sgRNAs targeting the 15 amplified CNVs in cancer, such
as Trp63 (which encodes an essential transcription factor for epider-
mal development and maintenance'?), were among the most strongly
depleted guides (Fig. 2a).

Theinterfollicular epidermis is maintained by EpSCs that divide sto-
chastically, with balanced fate outcomes between self-renewing daugh-
ter EpSCs and differentiating cells” ™ (Fig.1d and Extended Data Fig. 3d).
For clonalexpansion to occur, EpSCs must either proliferate faster than
their neighbours or shift the balance towards self-renewal>**1, To exam-
inethese two scenarios, we computed an anti-differentiationanda pro-
liferationindex (Fig. 2b-e). Notchl sgRNA cells showed, while remaining
lowinproliferation, the most potent differentiation block, which aligns
with the known role of NOTCH1 in inducing suprabasal cell fate'"®
(Fig. 2c). Thus, NotchI-perturbed clonal expansion is driven primarily
by the differentiation block, an aspect that reflects the differentiation
imbalance, as demonstrated in elegant studies in the oesophagus'. This
observationwas further supported by assessing the total percentages of
EpSCs, inwhich Notchl sgRNA cells showed the highest EpSC percentage
(Fig. 2b). We also analysed other cell types, such as T cells, and found

sgRNAs targeting Kmt2d, NsdI and Reln to be the most strongly enriched
(Fig.2d). KMT2Dis recurrently mutated in Sézary syndrome”, whereas
RELNisrecurrently mutatedinearly T cell precursoracute lymphoblastic
leukaemia®, indicating that our in vivo CRISPR strategy may also uncover
genes involved inimmune cell-related disorders. Together, these find-
ings demonstrate that our single-cell CRISPR screening strategy enables
cell-type-specific monitoring of clonal expansion.

Clonal expansion converges on TNF

Unlike traditional single-mutation characterization, our systems-level
strategy enables us to study gene programmes shared by multiple
cancer gene mutations. We first individually computed differential
gene expression induced by each of the 150 perturbations in EpSCs.
Notably, many of the top expansion-driving perturbations exhibited
gene-expression changes that were highly enriched for tumour necro-
sis factor (TNF) signalling (Extended Data Fig. 4a and Supplementary
Table 3). To systematically examine shared signalling pathways, we
used weighted gene correlation network analysis (WGCNA) in the P60
clusters, a powerful tool for uncovering gene regulatory networks* 2
(Extended Data Fig. 4b). We identified a total of 44 WGCNA modules
across P60 cell populations, which were dominated by 1 major gene
module present in 6 clusters (Fig. 2f, Extended Data Fig. 4c and Sup-
plementary Table 4). This module comprised 25 genes in EpSCs (Fig. 2g)
and showed a marked enrichment for TNF signalling (adjusted Pvalue
(P.q) =1.21x1077; Extended DataFig. 4d). Besides this major gene mod-
ule, we found many modules that reflected subclusters present within
cell populations, such as a Dct and SoxI10 module, representing mel-
anocytes, and an Lcel module, reflecting the corneal layer within the
suprabasal compartment (Extended Data Fig. 4c).

To explore whether TNF signalling correlates with expansion rates,
we first clustered perturbations according to TNF gene module expres-
sion (Fig.2g). We observed that clusters1and 2, which were character-
ized by highmodule gene expression, displayed higher expansion rates
than cluster 3 (Fig. 2h). Second, we fitted a linear model® to estimate
how the 25 module genes predict clonal expansions and found a Pear-
son correlation of 0.68 (P=1.4 x10°°), indicating that the TNF signal-
ling module explains a substantial portion of the variance in clonal
expansion rates (Extended Data Fig. 4e-g and Supplementary Figs. 3
and4).Third, we expressed the TNF module genes Ccnl,Jun and Fosin
keratinocytes and observed thatJun or Fos expression was sufficient to
enhance their proliferative rate (Extended Data Fig. 4h).

To corroborate this convergence on TNF signalling, we first com-
pared the gene expression of the top 5,10 or 20 expanded perturbations
to the corresponding average or bottom perturbed groups. In each
of these comparisons, TNF signalling was the most enriched pathway
(Fig. 2i and Extended Data Fig. 4i). By contrast, genes involved in epi-
thelial-mesenchymal transition (EMT) were strongly enriched among
downregulated genes. In a second approach, we performed an unbi-
ased P60 clustering of transcriptomically similar perturbationsand a
minimum-distortion embedding to place perturbations with corre-
lated EpSC transcriptomes near each other? (Extended Data Fig. 5a,b).
Fatl, Notchl and Notch2 clustered together along with other enriched
perturbations such as Myhl and Fgf3, providing additional evidence
thatenriched perturbations lead to similarly altered gene-expression
pathways and activate TNF signalling (Extended Data Fig. 5a). Collec-
tively, despite the wide range of biological processes encompassed by
our cancer gene cohort, our findings suggest that clonal expansionin
phenotypically normal epithelia converges on a shared pathway that
induces a TNF signalling module.

TNF receptor 1and macrophage dependency

TNF signalling is mainly activated by binding of the TNF ligand to the
TNF receptor 1 (TNFR1), which induces several signal transduction
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Fig.2|Clonal expansionin epithelia converges on TNF signalling. a, Notchl,
Fatland Trp53sgRNAs are the top enriched perturbationsin P60 epidermis.
Waterfall plot displaying the log, fold change (FC) in total P60 cell numbers
comparedtothelibrary TO representation. Datarepresent the weighted
average of eight P60 replicates from ten mice. b, Cell-type distribution of the
150 P60 skin perturbations, sorted by P60 enrichment. Dashed lines indicate
minimum and maximum EpSC percentages. Seb. sebaceous. ¢, Heat map of
thetop 20 enriched perturbationsin P60 skin, displaying anti-differentiation,
proliferation and interfollicular epidermisindices. d,e, Linear heat maps
illustrating the cell-type specificity of the perturbations as the ratios of T cells
to EpSCs (d) and hair follicle cells/epidermis cells (e). f, Average perturbation

arms, including JUN and NF-kB?*?. These transcription factors are
responsible for diverse biological processes, including cell growth,
immune and stress responses. Tnfrsfla(also known as Tnfrl), Jnk (also
known as Mapk8) and NF-kB (also known as NfkbI) act as proliferative
signals for controlling epidermal growth?. TNF further serves as a
proinflammatory signalin clonal haematopoiesis*?*°, and Tnfrsfla- or
Tnf-knockout mice are resistant to skin carcinogenesis®?2. In P60 skin,
the receptor Tnfrsfla is mainly expressed in EpSCs and bulge stem
cells (Fig. 3a). Tnfrsf1b (also known as Tnfr2) is restricted to T cells,
whereas TNF is primarily secreted by macrophages (Fig. 3a). Examin-
ingthe ligand-receptor interactions® supported TNF signalling from
macrophages and T cells to EpSCs (Fig. 3a).

To experimentally test whether the TNF pathway directly medi-
ates clonal expansion in phenotypically normal epithelia, we crossed
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effect onthe TNF signalling gene module. WGCNA identified amajor gene
moduleinsix different P60 clusters. Dot plots show the average log, fold
change of module genes. Adjusted Pvalues with Benjamini-Hochberg correction.
g, Heat map displaying the average expression of 25genes in the TNF EpSC
moduleacross150 perturbations. Red text highlights 17 TNF signalling genes
(MsigDB Hallmark). h, Clusters1and 2, which exhibit increased TNF module
expression (g), demonstrate higher expansion rates than cluster 3. Pvalues by
Wilcoxon rank-sum test. i, TNF signalling is the top enriched pathway in
enriched P60 perturbations. Comparisons of top 5,10 and 20 versus middle
orbottom 5,10 and 20 gene perturbations by transcriptomic GSEA (Enrichr,
MSigDB Hallmark). NS, not significant.

Cas9 mice with Tnfrsfla”” mice and used ultrasound-guided in utero
microinjection to target the 150 cancer genesin E9.5embryos. We then
tested which cancer gene perturbations showed TNFR1-dependent
clonalexpansion by comparing the expansion rates in wild-type versus
Tnfrsfla”” P60 skin (Fig. 3b,c). Among the top 20 enriched sgRNAs
at P60, all but 3 perturbations were highly dependent on TNFR1 for
clonal expansion, indicating that TNF signalling has awidespread role
in mediating clonal expansions in normal epithelia (Fig. 3c, Supple-
mentary Figs. 5 and 6 and Supplementary Table 5). As expected, the
dependency on TNFR1 decreased as the perturbations became less
enriched (Fig. 3¢, red weighted regression curve).
Immunofluorescence analyses of epidermal sections confirmed
TNFRI1 expression in E11.5 embryos and EpSCs and highlighted
immune cells as a potential source of TNF in the epidermis (Fig.3d,e
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Fig.3|Clonal expansionis mediated via TNF signalling. a, Nebulosa plots
showing expressionin P60 skin. Bottomright, CellChat ligand-receptor analysis
of P60 skin. b, Schematic of the experimental setup to test the role of TNFR1in
clonal expansions. ¢, Clonal expansionis dependent on TNFR1. The 500 sgRNA
library was microinjected into control and Tnfrsfla-knockout (Tnfrsfla”") E9.5
embryos and sgRNA representation was quantified in P60 mice. Using MAGeCK,
perturbations were normalized to the 50 control sgRNAs and TNFR1-dependency
was calculated by the ratio of Tnfrsfla-knockout (KO) and control embryos. The
redlineisalocally weighted regression curve and the grey area shows the 95%
confidenceinterval. *False discovery rate (FDR) < 0.05. Datarepresent the
average of 8 control (10 mice) and 6 Tnfrsfla*” (3 mice) replicates (Methods).

d, Whole-mountimmunofluorescence across the basal and apical E11.5
epidermis shows cell membrane expression of TNFR1. Scale bar, 10 um.

e, Immunofluorescence of P60 back skin shows mCherry-positive expanded
clonesand TNFR1expressionin EpSCs alongside CD45-positiveimmune cells.
Scalebars, 50 um. f, Schematic of the immune-depletion experiment.

and Extended Data Fig. 5c,d). To investigate the contribution of
immune cellsasasource of TNFin driving clonal expansion, we then
focused on macrophages and T cells, both of which are known to
express TNF (Fig. 3a). Following targeting of the 150 cancer genes in

g,Macrophage depletion reduces clonal expansion of the top enriched cancer
gene perturbations. sgRNA representation was assessed at P60, normalized to
50 control sgRNAs and compared to IgG2a control samples using DESeq2.
Theredlineisalocally weighted regression curve.*P< 0.05withintop 20
perturbations. The grey areashows the 95% confidenceinterval.lgG2a: 14
replicates, 7mice; CD115: 14 replicates, 7 mice; CD4 and CD8 (CD4/8):12
replicates, 6 mice. Macrophage and T cell quantification upon depletionis
showninSupplementary Fig.7c. h, Depletion of macrophages (MP), but not
of Tcells, reduces clonal expansion of the top 20 enriched cancer gene
perturbations. DESeq2 normalized reads of the top 20 enriched perturbations
incontrol (IgG2a)-depleted, macrophage (CD115)-depleted or T cell (CD4/8)-
depleted mice.Inbox plots, the centrelineis the median, box edges delineate
the firstand third quartiles, and whiskers extend to the highest or lowest value
nofurtherthanl1.5x theinter-quartile range from the box edge. Pvalues by
two-sided Wilcoxon rank-sumtest.

E9.5 embryos, we selectively depleted macrophages or T cells from
P4 to P60 and examined sgRNA representations at P60***5, Whereas
Tcell depletion did not reduce clone sizes, macrophage depletion led
toasmallyet consistent reductioninthe expansion rate of the top 20
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enriched perturbations (Fig. 3f-h, Supplementary Fig. 7a-d and Sup-
plementary Table 5). Given thatimmune cells were depleted only post-
natally, when considerable expansion is already evident (Extended
Data Fig. 3b), our findings suggest that macrophages contribute to
clonal expansion in epithelia, but are probably complemented by
other sources of TNF.

Together, the TNFR1 dependency and macrophage-depletion data
provide strong experimental evidence supporting the functional role
of'the TNF signalling module in clonal expansions in normal epithelia
and establish the module asanintegral pathway downstream of cancer
gene mutations.

Autocrine TNF signalling in cancer

We next tested whether TNF signalling contributes to the transition
from clonal expansions to tumour initiation. We injected our sgRNA
library targeting the 150 cancer genes at E9.5. At P60, weinduced chemi-
cal carcinogenesis with 7,12-dimethylbenz[a]anthracene (DMBA) and
2-O-tetradecanoylphorbol-13-acetate (TPA) on the clonally expanded
mouse skin for 12 weeks (Extended Data Fig. 6a,b). We collected 168
tumours (papillomas and sSCCs) for individual tumour sgRNA cap-
ture and sorted mCherry-positive and negative tumour cells from 30
tumours for scRNA-seq analysis (without sgRNA capture).

The scRNA-seq analysis of the tumours unveiled distinct tumour
cell clusters, including basal, differentiated and cycling tumour cells
(Fig. 4a,b and Extended Data Fig. 6c,e). Consistent with reports in
humansSCCs, we also observed atumour-specific keratinocyte (TSK)
population, located at the invasive front®, that expressed marker genes
such as Mmp9 and Mmp10 (Fig. 4a,b and Extended Data Fig. 6d). We
then compared P60 EpSCs and tumour cells using reciprocal principal
components analysis* (PCA) and observed that the large majority of
TNF module genes were downregulated in tumour clusters (Fig. 4c,d
and Extended DataFig. 6f). Gene set enrichment analysis (GSEA) com-
paring basal tumour cells with P60 EpSCs underscored TNF signalling as
the most prominently downregulated pathway (Extended Data Fig. 6g
and Supplementary Table 6). Consistent with this observation, TNF
signalling is also strongly downregulated in human sSCCs* compared
with normal skin, including an overlap with 14 TNF signalling module
genes (Extended Data Fig. 6h, Supplementary Fig. 8 and Supplemen-
tary Table 7).

We subsequently examined the TSK cluster, as its localization at
the invasive front hints at its involvement in tumour progression®.
Surprisingly, we observed that 8.5% of the TSK cluster cells robustly
expressed endogenous TNF (Fig.4e). TNF expression overlapped with
TSK markers such as Mmp9 and Mmp10 (Fig. 4c,d). Moreover, TNF
was co-expressed with TGFa and interleukin-1a (IL-1c0), which were
previously implicated in human epithelial cells as part of an autocrine
cascade induced by TNF signalling®, raising the possibility of aswitch
towards an autocrine TNF mode in tumorigenesis. We confirmed TNF
protein expression in distinct KRT14-positive basal tumour cells in
squamous cell carcinomas (SCCs) (Fig. 4g). Probing ligand-receptor
interactions further underscored a potential autocrine TNF loop within
TSKs (Fig. 4f and Extended Data Fig. 6i).

TNF signalling and EMT were the top upregulated pathways in
TNF-positive versus negative TSKs (Extended Data Fig. 6j). How-
ever, only 3 out of 26 TNF signalling genes overlapped with the TNF
signalling gene module, indicating that the cancer-associated TNF
gene programme (hereafter referred to as the ‘autocrine TNF gene
programme’) is distinct from the TNF module that is operative in
clonal expansions. Moreover, whereas EMT was downregulated in
clonal expansion (Fig. 2i), the autocrine TNF gene programme acted
in concert with EMT. We corroborated these findings by co-culturing
TNF-expressing and receiving keratinocytes, which confirmed that
TNF-expressing keratinocytes induce EMT-related genes, irrespec-
tive of whether extracellular TNF is present (Supplementary Fig. 9).
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Together, these findings suggest that a distinct, autocrine TNF gene
programmeisinduced in TSKs, promoting EMT in this subpopulation
that resides at the leading edges®®.

To chart the spatial organization of tumour clusters, we then per-
formed Visium spatial transcriptomics across 7 tumours (Extended
Data Fig. 7a-e). Mmp10-positive TSKs more closely resembled the
human TSK signature (Extended Data Fig. 7f) and resided at the invasive
front, forming invading nests and marking invasive fronts at the tumour
base (Fig.4h-j). Conversely, Mmp10-negative TSKslocalized to differen-
tiated regions (Fig. 4h—-jand Extended Data Fig. 7b-d). Co-occurrence
analysis* confirmed a cellular neighbourhood of Mmpl10-positive
TSKswith fibroblasts and endothelial cells, in line with a fibrovascular
niche® (Fig. 4k). Furthermore, Mmp10-positive TSKs correlated with
G2/Mclusters, suggesting that they reside in proliferative tumour areas
(Fig. 4k and Extended Data Fig. 7g).

Collectively, our findings imply a dual role for TNF and suggest that
inthe transition from clonal expansion to tumorigenesis, cancer cells
downregulate the TNF module that is exploited in the clonal expansion
phase andinstead switchtoanautocrine TNF-MMP9 and MMP10 axis
attheinvasive front.

Clonal expansion and tumour initiation

To determine the relationship between clonal expansions and their
rolein cellular transformation, we individually sequenced the sgRNA
amplicons in each of the 168 tumours and calculated the represen-
tation of each sgRNA (Fig. 5a). Overall, we found that Notchl, Fatl,
Trp53, Zmat3 and Ahnak had the highest representation in tumours
(Fig. 5b). We then computed a selection score based on the compari-
son of sgRNA representation in tumours, normalized to the P60 skin
representation. Focusing on the top 60 perturbations with robust
P60 or tumour coverage, we observed that Zmat3, Prkdc, Myh8, Kdr,
Dnah3and Ahnak showed the highest positive selection rates (Fig. 5¢
and Supplementary Table 8). By contrast, Dscam, Zfhx4, Ttn and Fgf3
were among the perturbations that displayed the strongest nega-
tive selection, suggesting that these perturbations instead suppress
tumour initiation (Fig. 5¢).

Across all 150 perturbations, Trp63 emerged as the top positively
selected perturbation for tumour formation (Extended Data Fig. 8a),
whichwas surprising considering the major depletion at P60 (Fig. 2a).
However, beyond its well-established role in epidermal development,
Trp63*~ mice exhibit spontaneous tumour formation, including
sSCCs*. Notably, mice with heterozygous mutations in both Trp63 and
Trp53show amuchhigherincidence of SCCs and metastases compared
with mice with single Trp53”" mutations*, implying that loss of Trp63
can cooperate with other mutations in tumorigenesis.

To evaluate whether shared pathways confer a predisposition for
transformation, we next examined gene-expression changes in posi-
tively versus negatively selected perturbationsin P60 EpSCs (Fig. 5c).
Our analysis revealed a significant enrichment of pathways related to
EMT, suggesting that positively selected perturbations exhibit a pre-
disposition for invasive features already at P60 (Fig. 5d and Extended
Data Fig. 8b). Second, we used SEACells*?, which groups single cells
intometacells to enable the identification of rare cell states. This analy-
sis revealed that select metacells strongly associated with EMT gene
expression, inline with arare EpSC subpopulation being able to orches-
trate EMT (Extended DataFig. 8c,d). Third, we found anotable overlap
between the genes upregulated in positively selected perturbations
and TSK markers, with a subset also being induced by TNF (Extended
DataFig. 8e,fand Supplementary Fig. 10), consistent with reports that
epithelial TNF induces Mmp genes during tumour cell migration*®. Col-
lectively, our analyses of how clonal expansions contribute to tumour
initiation indicate that a TNF-TSK-like gene programme is already
presentin positively selected clones, which may partly mediate cancer
predisposition of expanded clones.
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Fig.4|Cancer cells switch to anautocrine TNF gene programme. a, UMAP
representation of single-cell RNA sequencing data from mCherry-positive
tumour cells (n = 61,303 cells from 30 tumours, 2 mice). b, Visualization of
tumour cell-type-specific marker gene expression by Nebulosa density plots
onthe mCherry-positive tumour UMAP ina. ¢, UMAP representation of
integrated P60 EpSCs and mCherry-positive tumour clusters 0 and 7 using
reciprocal PCAin Seurat.d, Visualization of marker gene expression by
Nebulosa density plotson theintegrated P60 and tumour UMAPin c. Autocr.,
autocrine. e, TNF expressionand frequency within each cluster of mCherry-
positive tumours. Red boxes indicate cells expressing Tnfin the corresponding
clusters (>0.5normalized counts). f, CellChat circle plot showing TNF signalling
ligand-receptorinteractions across mCherry-positive tumour clusters.

g, Immunofluorescence of asquamous cell carcinomasection shows regions
with TNF-expressing tumour cells (arrows). KRT14 is used as a basal cell marker.
Inset, KRT14-positive TNF-expressing basal tumour cells. Scale bars, 50 pm.
h,Haematoxylin and eosin (H&E)-stained section of atumour used for Visium

Autocrine TNF induces invasion

We hypothesized that the transition from clonal expansion to early
alterationsintissue architecture might be triggered by epithelial TNF.

spatial transcriptomics. Arrows indicate keratin pearls (histological hallmark
of SCCs). The outlined region shows the MmpI0-positive TSK cluster. The inset
shows animmunofluorescence image of TNF-expressing tumour cellsembedded
within cells expressing the basal membrane marker 34-integrin. Scale bars:
0.5 mm (mainimage); 50 pm (inset). i, Right, Visium spatial transcriptomics
and spatial maps show tumour cluster localization, deconvoluted from the
single-cell reference (Extended DataFig. 7e,f). Left, spatial distribution of cell
typesinanH&E-stained tumour section based on the histology and spatial maps.
Jj, H&E-stained sections and spatial maps show Mmp10-positive TSKs at the
invasive front (delineated by the white dashed line). Scale bar, 0.5 mm.k, Co-
occurrence analysis shows a positive correlation between the localization of
Mmp10-positive TSKs, basal tumour cells, endothelia and fibroblasts (marked
inred). P(gt) isthe probability of the observed co-occurrence being greater
thanthe expected co-occurrence. Infilt., infiltrating; NK cells, natural killer cells;
TAM, tumour-associated macrophages.

To test this hypothesisin vivo, we designed alentiviral TNF expression
construct (Fig. 5e). We confirmed TNF expressionin keratinocytes and
detected both secreted and membrane-bound TNF (Fig. 5f, Extended
Data Fig. 9a and Supplementary Fig. 9). TNF also promoted cellular
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Extended DataFig.8a.d,EMTisinduced in positively selected perturbationsin
the P60 skin, identified through differential gene expression between positively
and negatively selected perturbations. e, Schematic of lentiviral vector for
microinjectioninto E9.5embryos to express TNF in epithelial cells. f, Western
blot showing the 26 kDa membrane-bound TNF in keratinocytes transduced
with thelentiviral TNF expression construct. P2A, porcine teschovirus-12A;
sgControl, control sgRNA; sgTrp63, sgRNA targeting Trp63. g, Increased
proliferationin TNF-expressing P4 epidermis shownby EdU incorporation1h
afterinjection.Inbox plots, the centrelinerepresents the median, box edges
delineate firstand third quartiles, and whiskers extend to minimum and

8 | Nature | www.nature.com

++ Autocrine TNF gene programme

++ EMT
maximum values. Twelve independent TNF-expressing and adjacent control
areas were quantified (Extended Data Fig. 9e). Pvalue by one-way ANOVA.
h, Epithelial TNF expressioninduces EMT markers. P4 mCherry-positive and
mCherry-negative cells were sorted and analysed by reverse transcription-
quantitative PCR (RT-qPCR). Dataare mean + s.d. from three technical replicates
from two mice. Pvalues by one-sided Welch’s t-test.,j, Immunofluorescence
of P4 back skinsections depicting two different clones of TNF-expressing
keratinocytes. Dashed linesindicate basalmembrane. k-m, Immunofluorescence
of P4,P17 and P27 epidermal sections reveals regions of epidermal
hyperproliferation (k), epithelial invaginationsinto the ear dermis (I) and
breakdown of the basal membrane (m; arrows). n, TSK signature mRNA levels
correlate with shorter overall survival in human patients with HNSCC, stratified
by uppertertileand bottom tertile TSK signature mRNA expression. Pvalue by
standard log-rank test. Multivariate analysisis shownin Extended DataFig. 10.
0o, Working modelillustrating the distinct TNF programmes in tumour evolution.



motility in scratch assays and enhanced keratinocyte proliferation
(Extended Data Fig. 9b-d).

Having validated our construct, we then injected high-titre lenti-
virus into E9.5 embryos to express TNF in epithelial cells. P4 analysis
confirmed distinct TNF-expressing clones displaying defined basal
membranes (Fig. 5i,j). However, in time, TNF-expressing clones
became associated with various abnormalities, including epidermal
hyperproliferation, confirmed by a strong increase in EdU incorpo-
ration (Fig. 5g,k and Extended Data Fig. 9¢), and epithelial invagina-
tions (Fig. 5I). Furthermore, TNF-expressing clones induced EMT
markers such as Vegfa, Mmp9 and Twist1 already in P4 skin (Fig. 5h
and Extended Data Fig. 9g). Finally, in P27 mice, we observed vari-
ous examples of TNF-expressing clones in which the basal mem-
brane exhibited partial or complete dispersion, leading to invasion
into the surrounding tissue (Fig. 5m and Extended Data Fig. 9f).
Together, these findings provide direct in vivo evidence that the epi-
thelial TNF gene programmeis sufficient toinduce invasive properties
of EpSCs.

Finally, to explore the significance of the TNF-TSK axis in human
SCCs, we tested whether TSK markers could stratify the overall survival
of patients with SCC. Notably, several TSK marker genes such as Mmp?9,
Inhba and Nt5e strongly correlated with shorter overall survival across
different SCC types (Extended DataFig.10a-c). We then created a TSK
signature, which stratified the overall survival of patients with HNSCC,
with amedian survival difference of more than two years (Fig. 5n). Mul-
tivariate analysis confirmed that the TSK signature is anindependent
prognostic factor for survival (Extended Data Fig. 10d,e). Together,
these findings underscore the potential relevance of the invasive TSK
signature in driving human cancer and position the TNF-TSK gene
programme as a target for cancer therapy.

Discussion

Here we established a scalable in vivo single-cell CRISPR platform to
systematically dissect tissue-wide clonal expansions of 150 cancer gene
perturbations at single-cell transcriptomic resolution. We provide
multiple lines of evidence that a TNF signalling gene module in EpSCs,
stimulated in part by macrophage-derived TNF, is ageneralizable driver
of clonal expansionsin phenotypically normal skin. By contrast, during
the transition from clonal expansion to tumour initiation, we identi-
fied a switch to a distinct autocrine TNF gene programme at invasive
tumour fronts®, which is associated with ECM-remodelling factors such
as MMP9 and MMP10 to facilitate tissue invasion. Given that autocrine
TNFis sufficient to induce invasive properties in EpSCs and in human
cancer**¥, our findings suggest that the switch to autocrine TNF rep-
resents a key step in tumorigenesis (Fig. 50).

The distinction of two separate TNF programmes is relevant in the
context of TNF inhibitors used in chronic inflammatory diseases. As
TNF inhibitors have shown efficacy in only a subset of patients with
cancer®**#* ourfindings underscore the need for abetter understand-
ing of how TNF inhibitors affect the autocrine TNF gene programme.
Whereas TNF antibodies effectively targeted stromal-derived TNF, they
did notsuppress the autocrine TNF gene programme (Supplementary
Fig.9). Exploiting specific vulnerabilities of autocrine TNF-expressing
tumours, as demonstrated with SMAC mimetics*®, could serve as a
potential therapeutic avenue and guide the development of targeted
autocrine TNF inhibitors.

Collectively, our study demonstrates the power of applying in vivo
single-cell CRISPR to mammalian tissues, highlights the multifaceted
roles of clonal expansions in epithelia and unveils a switch froma TNF
gene module to an autocrine TNF programme during tumour evo-
lution. Given the strong correlation between TSK signature expres-
sion and shorter survival in human cancer, our findings provide a
foundation for developing novel strategies for cancer prevention
and therapy.
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Methods

Selection of target genes and sgRNA design

Five hundred sgRNAs were selected as initial targeting library. Fifty
out of the 500 sgRNAs were non-targeting control guide RNAs. Three
sgRNAs per gene targeted the top 150 most frequently mutated or
CNV genes in human HNSCC and sSCC. We selected genes that have a
mutation frequency of 6% in HNSCC, >30% in sSCC and >15% of copy
number alterations in both. Mutation frequency was assessed using
the cBioPortal for Cancer Genomics®*?with the datasets for sSCC***
and HNSCC>*, The exact selection of genes and their mutation fre-
quency can be found in Extended Data Fig. 1. The overlap and differ-
ences between HNSCC and sSCC genes is graphically represented in
Fig.1b (Venn diagram). Individual guides were designed with the Broad
Institute sgRNA design tool (sgRNA Designer: CRISPRko (https://por-
tals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design)). The
three top-ranking guides per target were chosen. Fifty non-targeting
control sgRNAs were randomly picked from the Brie library®® (Addgene
#73633). All 500 sgRNA sequences are listed in Supplementary Table 9.

CROP-mCherry vector and library cloning

The puromycin resistance cassette in the original CROP-seq-Guide-Puro
vector (Addgene #86708) was replaced with a mCherry sequence,
amplified from pAAVS1-NDi-CRISPRi (Genl) (Addgene #73497) and
clonedinviaPfl2311and Mlul restriction sites for FACS. The 500 sgRNA
sequences were ordered as an oligonucleotide pool fromIDT, cloned in
batchvia Gibson assembly or via Bsmbl restriction sites for sgRNAs as
previously described®. For all single-cell experiments, three different
library batches were cloned and individually sequenced to confirm
homogeneous sgRNA representation.

High-titre lentivirus production

Production of vesicular stomatitis virus (VSV-G) pseudotyped lentivirus
was performed by calcium phosphate transfection of Lenti-X 293 T cells
(TaKaRa Clontech, 632180) with CROP-mCherry and helper plasmids
pMD2.G and psPAX2 (Addgene plasmids 12259 and 12260). Sixteen hours
after transfection, medium was changed to viral production medium
(DMEM (Gibco11965092),1% penicillin-streptomycin-glutamine (Gibco
10378016), 1% 100 mM sodium pyruvate (Gibco 11360070), 1% sodium
bicarbonate 7.5% solution (Gibco 25080094), 5 mM sodium butyrate
(Sigma-Aldrich B5887)) and incubated at 37 °C/7.5% CO,. Viral supernatant
was collected 46 hafter transfection andfiltered through a 0.45-pum filter
(Millipore Stericup Quick Release Durapore S2HVUO2RE). For invivo len-
tiviral transduction, the viral supernatant was concentrated ~-2,000-fold
usinga100 kDaMW cut-off Millipore Centricon 70 Plus (Merck Millipore;
UFC710008). Thevirus was further concentrated by ultracentrifugation
usingthe SW55 Tirotor for the Beckman Coulter OptimaL-90 Ultracen-
trifuge at45,000 rpmand 4 °C. Final viral particles were resuspendedin
viral resuspension buffer (20 mM Tris pH 8.0,250 mMNacCl, 10 mM MgCl,,
5% sorbitol) and stored at =80 °C until used for titration or injection.
For low-titre virus, production of lentivirus was performed similarly as
described above, and viral supernatant was collected and filtered using a
0.45-umsyringe filter (Sarstedt 83.1826) and stored at —80 °C until used.

Invivo experiments

All animal experiments were conducted in strict accordance with the
Swiss Animal Protection law and requirements of the Swiss Federal
Office of Food Safety and Animal Welfare (BLV). The Animal Welfare
Committee of the Canton of Zurich approved all animal protocols and
experiments performed in this study (animal permits ZH074/2019,
ZH196/2022).

Genetically modified mice of the strain Tg(B6/.129(Cg)-Gt(ROSA)
2650ortmL1(CAGcas" ECGFPFezhl] (denoted as B6.Cas9) were purchased from
the Jackson Laboratory (strain 026179). B6.129 S Tnfrsfla™"~
Tnfrsflb™'™ (denoted as Tnfrsfla-KO, originally from Jackson

Laboratory 003243) were acquired through the Swiss Immunology
Mouse Repository (SwWImMR). Wild-type mice of the strain CD1-IGS
(denoted as CD1) were purchased from Charles River. B6.Cas9 were
crossbred either with Tnfrsfla-knockout or CD1 mice to provide
embryos heterozygous for the Cas9 allele, suitable for lentivirus
injection at embryonic development stage E9.5.

Ultrasound-guided inuteroinjections were conducted as previously
described®. In brief, females at E9.5 of gestation were anaesthetized
withisoflurane. Each embryowasinjected with 0.5 pl of high-titre lenti-
virus,and up to 8 embryos wereinjected per litter. Surgical procedures
were limited to 30 min to ensure fast recovery.

All mice were housed at the Laboratory Animal Services Center
(LASC) of the University of Zurich in individually-ventilated cages in
a humidity- and light-controlled environment (22 °C, 45-50%, 12 h
light/dark cycle), and had access to food and water ad libitum. B6.Cas9
males used for crossbreeding and pregnant CD1females were housed
individually. All other mice were group-housed. Successful infection of
mice was controlled by eye through excitation with a dual fluorescent
protein flashlight (NIGHTSEA, DFP-1). Positively infected mice were
then euthanized by decapitation (P4) or with CO, (P60), shaved and
treated with hair removal cream if necessary.

P4 back skin was processed as previously described®, with minor
modifications. After being surgically removed and scraped for fat,
the back skin was washed once in cold PBS and then placed in dispase
(Corning 354235) for 35 min at 37 °C, dermis-side facing down, on an
orbital shaker. Next, epidermis was separated from dermis with fine
forceps, tornintosmaller pieces and placedin4 ml0.25% Trypsin-EDTA
(1%, Gibco; 25200056) for 15 min at 37 °C with orbital shaking. Epider-
mis was washed with cold PBS and pipetted vigorously to achieve a
single-cell suspension. Suspension was then afterwards filtered through
a70-pmand a40-pmstrainer (Corning; 431750, 431751) consecutively,
then centrifuged for 10 min at 400g and resuspended in FACS buffer
(PBS + 2% chelexed FBS (FBS(-)) + DAPI).

P60 back skinwas processed as previously described®. In brief, back
skin was harvested with surgical scissors and placed dermis-facingup
on astyrofoam tray with pins. Fat and subcutis was scraped off with a
scalpel. Fat-free skin was then washed, dermis-side facing down in 1x
PBS. Skinwas then placed inthe same orientationin 0.5% Trypsin-EDTA
(10%, Gibco;15400054) and incubated at 37 °Con an orbital shaker for
25 (females) or 50 min (males). Using a glass microscopy slide, skin
was secured to the bottom of the dish and scraped again with ascalpel
until it started to break. Excess cold PBS with 2% FBS(-) was added to
neutralize trypsin. Cell suspension was strained on ice first through
a70-um strainer, washed with an additional 15 ml of cold 1x PBS with
2% FBS(-) and then filtered through a 40-pm strainer. Cell suspension
was spun down at 400g for 10 min and resuspended in FACS buffer.

P4:atotal of 58 injected P4 mice were collected and assessed in 7
independent single-cell RNA-seq runs. P60: atotal of 10 injected mice
were collected and assessed in 8independent single-cell RNA-seq runs.
Because the P4 skin contains less cells, more mice had to be pooled to
sort a sufficient number of mCherry-positive cells.

mCherry-positive cells were sorted on a BD FACSAria Ill using a
70-um nozzle and processed for single-cell capture with a BD Rhap-
sody Single-Cell Analysis System using BD Rhapsody Cartridge Kit
(633733). For P4, 7 separate cartridges with an average of 50,037 cells
were loaded. For P60, 8 cartridges with an average of 64,625 cells were
loaded. Reverse transcription frombeads and sequencinglibrary pro-
ductionwas carried out according to the manufacturer’sinstructions
(BD Biosciences, doc ID: 210967 rev. 1.0).

Dial-out nested PCRs for sgRNA amplification

The sgRNA-containing region was amplified from BD Rhapsody
beads in a separate nested PCR reaction. In PCR1, we used 100 pl
KAPA HiFi HotStart ReadyMix (Roche 07958935001), 6 pul forward
primer (5-ACACGACGCTCTTCCGATCT-3’,10 uM), 6 plreverse primer
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(5-TCTTGTGGAAAGGACGA-3’,10 pM), 12 pl Bead RT/PCR Enhancer
reagent from BD Biosciences and 72 pl nuclease-free water for a total
volume of 200 pl. Rhapsody beads from each separate cartridge prepa-
ration wereresuspended in the PCR mix, aliquotedin4 x 50 plreactions
and quickly moved into a pre-heated PCR machine without allowing
beadsto settle. The following conditions were used: Initial denaturation
at 95 °Cfor 5 min, followed by 25 cycles of denaturation 95 °Cfor30s,
annealing 53 °Cfor 30 s, extension 72 °C for 20 s and a final extension
of 10 minat72°C.

PCR1 product was pooled, beads were removed magnetically and
amplicons were cleaned up with Agencourt AMPure XP beads (Beckman
Coulter A63881) according to the manufacturer’s instructions before
the second PCR. For PCR 2, 3 pl of cleaned up PCR1 was used as tem-
plate along with 2 pl forward primer (5-ACACGACGCTCTTCCGATCT-3’,
10 uM), 2 plreverse primer (CAGACGTGTGCTCTTCCGATCTCTTGTGGA
AAGGACGAAACA*C*C*G-37,10 uM), 18 plnuclease-free water, along with
25 pl of KAPA HiFi HotStart ReadyMix for a total volume of 50 pl. PCR2
was performed under the following conditions: Initial denaturation
at 95 °C for 3 min, followed by 10 cycles of denaturation 95 °Cfor 30 s,
annealing 60 °Cfor 3 min, extension72 °Cfor 60 s, and afinal extension
of 5minat72 °C.PCR2 product was cleaned up with Agencourt AMPure
XPbeadsaccordingto the manufacturer’sinstructions before the index-
ing PCR. Indexing PCR was performed according to BD Biosciences
‘mRNATargeted Library Preparation’ protocol (docID: 210968 rev. 3.0).

sgRNA enrichment and depletion calculation

To calculate enrichment and depletion of sgRNAs, we used sgRNA
cell counts for P4 and P60. For TO, read counts from the sequenced
pre-injection libraries A, Band C originating from separate batch plas-
mid preparations were used. As each Px (P60 or P4) samplereceived one
ofthethree TO library batches, we normalized each sample individually
asfollows. Counts at Pxand TO were first transformed to proportions
over the total counts, either of each entire sample or library batch. Then,
each Pxsample guide proportions were normalized by dividing against
its TO proportion (that is, its initial representation in the matching
pre-injectionlibrary). This yields afold change (of ratios). Fold changes
from triplets of guides targeting the same gene were then averaged
together (and indicated with the symbol of the targeted gene), and
sowere the 50 control guides (grouped for atotal of 17 pseudo-triplet
controls:ctrl_1forcontrolsgRNAfrom1to3, ctrl_2for controlsgRNAfrom
4106, etc,and ctrl_17 which comprised only control sgRNA 49 and 50).
This resulted in 167 fold change values in each Px sample: 150 for the
target genesand 17 for the pseudo-triplet controls. Ranks were defined
for each Px sample based on these fold changes in decreasing order,
therefore with the highest fold change ranking first. Ties (typically,
fold changes with value zero) were assigned to the same lowest rank
(see min_rank function from R package dplyr). These ranks were used
to compute the correlation of the top 20 and bottom 20 perturbations
(guide triplets) among the eight P60 samples (biological replicates),
asshownin Extended Data Fig. 1h.

Finally, the fold changes obtained were also averaged across
the same-time point samples (either P4 or P60). For this average, a
weighted mean was used, with the weights being the total number of
guide-positive cells for each sample. These results are reportedinlog,
scaleinFig.2aand in Extended DataFigs. liand 3. For the P60 versus P4
guiderepresentation (Extended DataFig. 3¢c), the fold changes shown
inExtended DataFig.3awere divided by those in Extended Data Fig. 3b
(by matched perturbation identity) and re-ranked. Epidermal stem
cell-specific sgRNA representations (as shownin Extended DataFig. 3d)
were computed with the same approach, after subsetting the P4 or P60
datasets toinclude only epidermal stem cells (cluster O, in Fig. 1e,h).

DMBA/TPA chemical carcinogenesis
Two-stage cutaneous chemical carcinogenesis was performed as pre-
viously described®. In brief, the back skin of 6- to 8-week-old female

mice were shaved with electric hair clippers and treated once with
400 nmol DMBA (Sigma-Aldrich D3254) per 100 pl (dissolved in ace-
tone) asaninitiator mutagen. After a2-week rest period, 40 nmol TPA
(Sigma-Aldrich 79346) dissolved in 100 pul 100% ethanol was applied
twice a week. Tumour formation was monitored regularly by visual
inspection and mice were euthanized after 12 weeks of treatment.
The maximum cumulative tumour size of 2 cm, as permitted by the
Animal Welfare Committee of the Canton of Zurich (animal permits
ZH074/2019, ZH196/2022), was not exceeded.

Tumour preparation

Tumours and 1-2 mm of surrounding tissue from DMBA/TPA treated
mice were excised and finely minced with a scalpel. Tumour pieces
were submergedin5 ml pre-warmed DMEM with 0.25% Trypsin/EDTA
and 3 U mI"' DNAse | at 37 °C on an orbital shaker with rigorous resus-
pension every 5 min for a total of 30 min. The reaction was quenched
with 1 ml FBS and strained through a 70-uM mesh, pelleted at 400g
for 10 min with excess PBS and resuspended in 0.5 ml FACS buffer
before sorting. Single-Cell capture was performed with BD Rhapsody
as described above using Rhapsody Enhanced Cartridge Kit (BD Bio-
sciences 664887). Reverse transcription from beads and sequencing
library productionwas carried out according to manufacturer’sinstruc-
tions (BD Biosciences, doc ID: 210967 rev.1.0).

Tumour preparation for sgRNA amplification
DMBA/TPA-induced tumours that were not used for either scRNA-seq
or spatial analysis were minced. Genomic DNA was extracted
using the Qiagen DNeasy Blood and Tissue Kit. sgRNA region was
amplified in a nested PCR. In PCR1, we used 12.5 pl KAPA HiFi Hot-
Start ReadyMix (Roche 07958935001), 0.75 pl forward primer
(5-CTTGTGGAAAGGACGAAACACCG-3’,10 pM), 0.75 pl reverse primer
(5-GTGTCTCAAGATCTAGTTACGCCAAGC-3/,10 uM), 1 pl of extracted
genomic tumour DNA (with a concentration between 50-100 ng pl™)
and 10 pl nuclease-free water for a total volume of 25 pl per tumour.
PCR1was performed using the following conditions: Initial denatura-
tionat 98 °C for 2:30 min, followed by 22 cycles of denaturation 98 °C
for20s,annealing 62 °Cfor 30 s, extension 72 °Cfor 30 s. PCR1products
foreach tumour were individually column-purified witha GenElute PCR
Clean-Up Kit (Sigma-Aldrich NA1020-1KT). For PCR2, 1 pl of cleaned
up PCR1 was used as template along with 0.75 pl forward barcoded i5
primer (see Supplementary Table 1,10 pM), 0.75 pl reverse barcoded i7
primer (see Supplementary Table1,10 pM), 10 pl nuclease-free water,
along with 12.5 pl of KAPA HiFi HotStart ReadyMix for a total volume of
25 pl. Eightdifferenti5andi7 primers allowed for a total of 64 different
combinations. PCR2 was performed under following conditions: initial
denaturation at 95 °C for 3 min, followed by 32 cycles of denaturation
98 °Cfor30s, annealing 62 °C for 30 s, extension 72 °C for 30 s. PCR2
products for amaximum of 64 individually barcoded tumour amplifi-
cations were pooled and cleaned up with Agencourt AMPure XP beads
(Beckman Coulter A63881) according to manufacturer’s instructions
before sequencing.

Single-cell RNA sequencing

With the exception for whole-transcriptome amplification analysis
7 (sent to Novogene and sequenced on a S4 flow cell of an lllumina
Novaseq), all single-cell or amplicon sequencing was prepared as
ready-made libraries and sequenced either on Illumina NovaSeq or
Nextseq 500 instruments at the Functional Genomics Center Zurich.
Sequencinglibraries were checked for peak size and concentrationona
Bioanalyzer 2100 using DNA High Sensitivity Chip. Concentrations were
additionally measured using aQubit Fluorometer. Whole-transcriptome
amplification analyses from Rhapsody Cartridges were sequenced in full
SP flow cells at1.8 nM concentration with 20% PhiX and the following read
configuration:Read 160, 118,Read 2 62 cycles. Tumours were sequenced
with 10% PhiX, dualindexing i5, 8 bp; i7, 8 bp; and Read 1, 64 cycles.



Bulk RNA sequencing and processing

mCherry-positive or negative keratinocytes were FAC-sorted on a BD
FACSAriallldirectly into TriZol LS and column-purified with a Direct-zol
RNA Miniprep kit (Zymo Research). Sequencing libraries from 1,000 ng
of RNA per sample were prepared with the TrusSeq mRNA library kit
and sequenced onaNovaSeq X 2 x 150 bp at the Functional Genomics
Center Zurich. Quality control of the paired-end bulk RNA-seq data was
performed using the FastQC program. Adapter trimming of the lllumina
Universal Adapter (AGATCGGAAGAG) was carried out by Cutadapt.
Transcript level quantification was performed by Salmon®* using the
Gencode Mouse M25 reference transcriptome. DESeq2 was utilized to
identify the differentially expressed genes between different condi-
tions®. Initial quality control of the count data was carried out by PCA
and hierarchical clustering using top 500 variable genes after variance
stabilizing normalization. The gene level count data were normalized
by the median of ratios method and dispersion was estimated. Next a
generalized linear model was fitted to identify differentially expressed
genes. The Pvalues were obtained by the Wald test and corrected for
FDR using the Benjamini-Hochberg procedure. FDR cut-off <0.05
was used to detect significant differentially expressed genes for sub-
sequent analysis.

Immunofluorescence

Back skin from P4 and P60 mice was scraped to remove fat, placed on
Whatman paper and cut into strips. Sections were embedded in OCT
(Tissue-Tek; 4583), frozen by placing themin aliquid nitrogen-cooled
isopentane filled metal beaker, stored at -80 °C and sectioned at
10-12 pm thickness on a Leica CM1900. Sections were immobilized
on Superfrost glass slides, fixed for 10 min at room temperature with
4% paraformaldehyde (PFA), washed twice in 1x PBS before blocking
inblocking solution (1% BSA, 1% gelatin, 2.5% normal goat serum, 2.5%
normal donkey serum, 0.30% Triton X-100, 1x PBS). Primary anti-
bodies (TNF [D2D4] XP[R] Rabbit anti-mouse monoclonal antibody,
CST 11948; 1:300) and purified rat anti-mouse CD104 (also known as
B4-integrin) (BD Pharmingen 553745, 1:300) were incubated over-
night at 4 °C. After washing twice with 1x PBS, slides were incubated
with secondary antibodies (Alexafluor488, Cy3, or AlexaFluor647,
JacksonImmunoResearch Laboratory; 1:500-1:1,000) and 0.5 pg ml™
4’,6-diamidino-2-phenylindole (DAPI) at room temperature for 1 h.
Sections were then washed again with 1x PBS, dried, covered with
home-made mounting medium and sealed with nail polish before
image acquisition. Pictures were acquired with a 20x objective on a
ZEISS Axio Observer microscope controlled by the ZEN microscopy
software (version 3.1).

Whole-mountimmunofluorescence and antibodies

Dissected back skinfrom P4 and P60 mice injected with CROP-mCherry
library were fixed in 4% PFA for 1 h at room temperature. Following
fixation, samples were permeabilized in 0.8% PBS-Triton overnight.
All steps during staining were carried out at room temperature. Pri-
mary antibodies were diluted into blocking buffer (5% donkey serum,
2.5% fish gelatin, 1% BSA, 0.8% Triton in PBS) and were incubated for
atleast 16-20 h at room temperature. Samples were then washed for
3-4 hin 0.8% PBS-Triton, and incubated with secondary antibodies
(in blocking buffer) together with DAPI (to label nuclei, 0.25 mg ml™)
for at least 1620 h. After staining, samples were extensively washed
with 0.8% PBS-Triton every hour for 4-6 h. Samples were then dehy-
drated in increasing concentrations of Ethanol: 30%, 50% and 70%
in doubled-distilled water (with the pH adjusted to 9.0 with NaOH/
HCL) for1heach, and finally in 100% ethanol for 1 h. For tissue clear-
ing, samples were transferred to Eppendorf tubes with 500 pl ethyl
cinnamate (ECi, Sigma 112372) and shaken overnight at room tem-
perature under dark conditions. Fresh ECi was used for mounting
forimaging.

For fixed sections, back skinwas cut into strips,embedded and frozen
in OCT (Leica), and sectioned with a Leica cryostat (10-um sections).
Sections were permeabilized in 0.3% PBS-Triton for 15 min at room
temperature, blocked in blocking buffer (5% donkey serum, 2.5% fish
gelatin, 1% BSA, 0.3% Triton in PBS) for 15 min at room temperature.
Primary antibodies in blocking buffer were incubated on slides over-
night at 4 °C, washed off with 0.3% PBS-Trition before adding second-
ary antibodies, with DAPI for 1 h at room temperature. After washing
off the secondary, samples were mounted for imaging using ProLong
Diamond Antifade Mountant (P36961, Invitrogen).

Antibodies used were as follows: rat anti-RFP (Chromotek, 5F8;
1:200), rabbit anti-RFP (MBL, PM005;1:200), chicken anti-GFP (Abcam,
ab13970;1:200), rat anti-CD45-biotin (Biolegend, 103104;1:200), goat
anti-TNFR1 (R&D, AF-425-PB; 1:200). All secondary antibodies used
were raised in a donkey host and were conjugated to Alexa Fluor 488,
Cy3 or Alexa Fluor 647 (Jackson ImmunoResearch Laboratory; 1:500-
1:1000).4’,6-diamidino-2-phenylindole (DAPI) was used to label nuclei
(0.25mg ml™).

Whole-mount microscopy

Whole-mountimages were acquired using an LSM980/Airyscan module
combined with Tiling (where indicated) 40x multi-immersion objective
(LD LCI Plan-Apochromat 40x%/1.2 Imm Corr DIC (silicone oil, glyc-
erol or water immersion), WD 0.41 mm) with glycerine as animmer-
sion medium for cleared samples, or a 40x oil immersion objective
(Plan-Apochromat 40x%/1.4 Oil DIC, WD 0.13 mm) for sections.

Whole-mount image processing and analysis

All processing was done in Zen Blue, with a custom batch processing
macro (Thomas Peterbauer). Allimages depicted are maximum inten-
sity projections.

Invivo EdU labelling

One hour before they were euthanized, mice were injected intraperito-
neally (50 pg per gbody weight) with 5-ethynyl-2’-deoxyuridine (EdU,
Targetmol, TMO-T17341-500mg) dissolved in PBS at aconcentration of
10 mg ml™. After cryo-sectioning, click-chemistry was performed for
staining with the In Vivo EdU Click Kit 488 (Merck, BCK488-1V-IM-S)
according to manufacturer’sinstructions. In brief, 10-12 pm thin fro-
zen tissue sections were fixed with 4% PFA in PBS for 15 min at room
temperature. Cells were washed twice with 1x PBS before permeabili-
zation with 0.3% Triton X-100 in PBS for 15 min at room temperature.
Five hundred microlitres of EdU reaction cocktail was added to each
sectionand incubated for 30 min at room temperature, protected from
light. Afterwards, sections were washed in PBS and antibody staining
was carried out as described above.

Keratinocyte culture

Newborn, primary mouse epidermal keratinocytes derived from
B6-LSL-Cas9-eGFP mice were isolated as previously described®.
In brief, isolated epidermal keratinocytes were cultured on 3T3-S2
feeder layer previously treated with Mitomycin-C in 0.05 mM Ca**
E-media supplemented with 15% serum. After 3 passages on 3T3-S2
feeder layer, cells were cultured in 0.05 mM Ca*' E-media, made in
house as previously described™. The B6-LSL-Cas9-eGFP keratinocytes
were transiently transfected with 1 pug of a Cre-expressing plasmid
in 6 wells using Lipofectamine 2000 (Invitrogen 11668-027) to acti-
vate Cas9-GFP. Cells were then sorted for GFP-positive signal on a
BD Aria lll and put back in culture using 0.05 mM Ca*" E-media. For
this project, all further modified cell lines derived from the Cas9-GFP
activated cell line and were grown at standard conditions, 37 °C and
5% CO,. The SCC cell line was previously isolated from DMBA/TPA
chemically induced skin tumours and broughtinto culture. Cell lines
were tested for mycoplasma using the Mycoplasma PCR detection kit
(Sigma; D9307).
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Invitro lentivirus infections

For lentiviral infections in culture, B6.Cas9 keratinocytes (see above)
were plated in 6-well plate (Thermo Scientific Nunclon TM Delta Sur-
face 140675) at 1.5 x 10° cells per well and infected with 100-300 pl of
low-titre virusin the presence of infection mix (1in 10 dilution of poly-
brene (10 mg ml™Sigma107689-100MG in PBS) in FBS[-]), by centrifug-
ingplatesat1,100gfor 30 minat 37 °Cina Thermo Heraeus Megafuge
40 R centrifuge. Infected cells were sorted by FACS for mCherry on a
BD FACSArialll. Viruses used for generation of knockout keratinocytes
carried the following sgRNAs: Trp53_sgRNA.3, Fatl_sgRNA.3, Notchi_
sgRNA.2, ctrl_44. Additionally, we used constructs carrying sgRNAs
and TnfcDNA: Trp53_sgRNA.3 + Tnf, Notchl_sgRNA.2 + Tnf, ctrl44-Tnf.

Enzyme-linked immunosorbent assay

Mouse TNF uncoated ELISAKit from Invitrogen (88-7324-22) was used
accordingto the manufacturer’sinstructions to quantify TNF concen-
trationin supernatants from confluent 6 wells of keratinocyte cultures
after 24 h of incubation. Measurements of 96-well plates in technical
and biological triplicates from separate wells were taken on a Tecan
Infinite M100OPro plate reader. Concentrations in supernatant were
calculated according to included recombinant TNF standard curve.

RT-qPCR

Invitro-infected keratinocytes and SCC cells were lysed in 6 wells with
1ml TRIzol Reagent and the RNA was purified using the Direct-zol RNA
Miniprep kit (Zymo Research). The procedure was performed according
to the manufacturer protocol except for an additional 1 min centrifuga-
tionafter the last washing step to completely remove residual ethanol.
cDNA was synthesized using the Promega GoScript Reverse Transcrip-
tion Mix, Oligo Protocol. Inthis procedure, 500-1,000 ng of RNA were
convertedinto oligo(dT)-primed first-strand cDNA. iTaq Universal SYBR
Green Supermix was used according to the manufacturer’s protocol
for RT-qPCR reaction in a Quant Studio 7 Flex (Applied Biosystem by
Life Technologies). RT-qPCR primers can be found in Supplementary
Table 9. The delta-C, method in Quant Studio Real-Time PCR software
(v1.3) was used for analysis and to calculate fold changes based on
C, values.

Western blot

Keratinocytes were cultured as described above, washed with PBS and
lysed in protein sample buffer (100 mM Tris-HCI pH 6.8, 4% SDS, 20%
glycerol, and 0.2 M DTT). The lysate was heated for 5-10 min to 95°C
and vortexed briefly to shear genomic DNA. Isolated proteins were
stored at —20 °C for later use or loaded directly (10-20 pg). Proteins
were separated by 4-12% Bis-Tris SDS-PAGE electrophoresis (at 180 V,
300 W, 55 min) and transferred onto a nitrocellulose membrane (GE
Healthcare). Membranes were blockedin 5% BSA (SigmaA3059-100G)in
TBS-Tween (0.1%) for 1 hat room temperature, incubated with primary
antibodiesin 3% BSA at4 °C overnight and washed with TBS-Tween. The
secondary antibodies were added at room temperature in 3% BSA for
2 h. Western blots were developed with freshly mixed ECL solutions
(GE Healthcare). The following antibodies were used: anti-TNF (Cell
Signaling Technology 11948), anti-vinculin (Abcam, ab129002). Sec-
ondary Goat Anti-Rabbit IgG HRP Linked Antibody (1:1,000 dilution,
Cell Signaling Technology 7074S).

Scratch assay

Cells were seeded in an ibidi Culture-Insert 2-well (81176) according
to the manufacturer’s recommendations. This insert creates a clean
cell-free gap in a 6- or 12-well plate (Thermo Scientific, 150239). The
assay was performed according to the manufacturer’s protocol (ibidi).
In brief, once confluency was reached, the insert was removed, and
detached cells were washed away with PBS. New medium (with or with-
out10 ng ml™ recombinant TNF (R&D Systems 410-MT) was added, and

the wells wereimaged every hour for 22 hinanincubation chamber at
37 °C and 5% CO,. The images were taken with a Zeiss Axio Observer
controlled viathe ZEN software. The data analysis was performed with
anImage] plugin® (version1.54 h) and default settings.

TNF and TNF module overexpression constructs
Full-length mouse Tnfwas amplified by PCR from GFP-TNF-alpha plas-
mid (Addgene#28089) viaPhusion PCRaccordingtothe manufacturer’s
protocol with the following primer: forward: 5’-agcctgctgaagcaggcc
ggcgacgtggaggagaaccccggecccatgageacagaaageatgatcecgegacgt-37,
reverse: 5’-ATATaacgcgtCTAcagagcaatgactccaaag’. Primers created
a 5’-P2A-site overhang with the opposing site added to the 3’ end of
mCherry. mCherry-P2A-TNF was thenligated into the CROP-seq vector
viaPfl23 and Mlulrestriction sites. Expression was tested with quantita-
tive PCR, western blot and immunofluorescence (see Fig. 5).

Full-length cDNA for Jun, Ccnl and Fos was Phusion PCR ampli-
fied from Addgene plasmids #47443, #12519 and #193089 with the
following primers: Fos fw (5’-ATGGATCCGGGgccaccaacttcagcctgetg
aagcaggccggegacgtggaggagaaccccggccccATGATGTTCTCGGGTT-3),
Fosrv (5’-taacgcgt TCACAGGGCCAGCAGCGTG-3'); Jun fw (GGATCCG
GGgccaccaacttcagectgetgaageaggecggegacgtggaggagaaccceggeece
atgactgcaaagatggaaac-3’), Jun rv (5’-ataacgcgttcaaaacgtttgcaact-3’);
Ccnl fw (5’-ataGGATCCGGGgccaccaacttcagcctgctgaagcaggecgg
cgacgtggaggagaaccccggccccCATGAGCTCCAGCACCTTC-3'), Cenlrv
(5’-taaacgcgt TTAGTCCCTGAACTTGTGGATGTC-3).

PCRamplicons wereligated viaBamHIand Mlul restriction site over-
hangs into the same EF1-mCherry-2A expression vector as TNF.

MTT assay

Proliferation rates for different treatments and overexpression con-
structs were tested using the MTT Cell Growth Assay Kit (Merck CTO1).
Inshort,10,000 keratinocytes were seeded per 96-well of aflat-bottom
tissue culture plate and incubated in 100 pl regular E-low medium for
24 hat37°C, 5% CO,beforeadding 10 pl of freshly prepared MTT solu-
tion for four hours. The resulting formazan crystals were dissolved by
adding 100 plisopropanol with 0.04 N HCI to each well with vigorous
pipetting. Absorbance at 570 nm with areference wavelength of 630 nm
was measured directly on a Tecan Infinite M100OPro plate reader.

CRISPR sgRNA efficiency

Eleven sgRNAs representing top, middle and bottom enrichment
cohorts were selected and sgRNA efficiency was assessed by infect-
ing B6.Cas9 keratinocytes. Lentivirus was derived previously with
low-titre lentiviral preparations of the CROP-Seq-Puro vector and sin-
gle guides. Cells were harvested after 10 days of puromycin selection
(1 pg ml™, Gibco A11138-03). Genomic DNA was extracted using the
DNeasy Blood and Tissue Kit (QIAGEN 69504), followed by Taq (NEB
M0273) PCR following the manufacturer’sinstructions. Amplicons were
800-1,000-bp-long and amplified by primers, designed with primer 3
listed in Supplementary Table 1. T7 endonuclease assay was performed
asdescribedinthe ALT-R genomic editing detection kit (IDT). Samples
were quantified onaBioanalyzer 2100 with a DNA high-sensitivity chip.
Primers for amplification of genomic target regions of guides can be
found in Supplementary Table 1.

Visium spatial gene expression

The workflow of Mirzazadeh et al.*® for RNA-rescue spatial transcrip-
tomics was followed to overcome low RNA integrity number score.
A microarray of fresh-frozen DMBA/TPA-induced squamous cell
carcinoma samples was cryo-sectioned with 10 pm thickness (Leica,
CM3050S) and placed on the capture area of aspatial gene-expression
slide (10X Genomics,1000188). Samples were stored in —80 °C before
processing. The samples were fixed with 4% PFA and H&E staining
was performed. The spatial libraries were then generated from the
probe hybridization step (10X Genomics, 1000365) according to



Visium Spatial Gene Expression Reagent Kits for FFPE (10X Genom-
ics, User Guide CG0O00407 rev D,1000361). The resulting libraries
were sequenced by the Genomics Facility Basel. The sequencing was
performedina paired-end manner with dualindexing (10X Genomics,
1000251) on aNovaSeq 6000 (Illumina) with a S4 or SP (PE 51) flow cell.
S4 libraries were then sequenced with the following cycle settings: Read
1101 cycles, i710 cycles, i510 cycles, Read 2101 cycles.

Visium spatial expression data processing

Sequenced libraries were processed using Space Ranger software
(version 2.0.1, 10X Genomics). Reads were aligned with the ‘spac-
eranger count’ pipeline to the pre-built mouse reference genome pro-
vided by 10X Genomics version 2020-A (comprising the STAR-indexed
mm10 mouse genome and the GTF gene annotation from GENCODE
version M23 (Ensembl 98)), and the probe set reference CSV file (Visium
Mouse Transcriptome Probe Set v1.0) was provided for filtering of valid
genes. Theresulting filtered count matrix of features (that is, genes)
per spot barcodes were employed for the downstream analysis. Pro-
portions of cell-type mixturesin each Visium spot were deconvoluted
with the robust cell-type decomposition (RCTD)® method from the
spacexr package (version 2.2.1; https://github.com/dmcable/spacexr),
leveraging as single-cell reference the union of mCherry-positive
(Fig. 4c) and mCherry-negative (Extended Data Fig. 6¢) tumour cells
(merged datasetin Extended Data Fig. 7e). Seurat R package (version
4.9.9.9041) was used to plot these cell-type deconvolution results.
Spatial co-occurrence of cell types was analysed with the ISCHIA
package*® (version 1.0.0.0), and resulting probabilities for positive
(Py) or negative (P) co-occurrence were plotted in —-loglO scale.

Bioinformatic processing of the scRNA-seq data

Theraw sequencing datacomprising the BCL files were demultiplexed
using the [lluminabcl2fastq programv2.20 with default options, allow-
ing one mismatch of the sample barcode sequences. Theresulting fastq
files were processed by the BD Rhapsody Pipeline version1.9.1 hosted at
the Seven Bridge’s cloud platform (https://www.sevenbridges.com/).
A custom mouse reference genome based on the Gencode version
25 was utilized and combined with our 500 sgRNA sequences. Since
the BD pipeline uses STAR aligner” in the backend, the custom STAR
reference genome was generated by the genomeGenerate command
in STAR. The Refined Putative Cell Calling option was disabled while
running the pipeline. The output unique molecular identifier (UMI)
counts data corrected by the BD Genomics RSEC (Recursive Substi-
tution Error Correction) method were used for further downstream
analysis.

Processing of the PCR sgRNA dial-out data

The PCR dial-out data was processed by a custom in-house Python
script. In brief, the script extracted three 9-nucleotide (nt) long cell
barcodes out of possible 97 barcodes at specific locations from the
Read 1, allowing one mismatch per barcode (Hamming distance of 1).
Italso obtained 8-nt UMIsequences from the Read 1, as providedinthe
BD manual. For valid barcodes, it counted the presence of sgRNAs in
Read 2 by an exact match of the 20-nt sgRNA sequence. Next, the UMI
counts per cellwere deduplicated and sgRNA UMI counts per cell were
obtained. If multiple sgRNAs were detected in one cell, the cell was
only assigned to a specific sgRNA if the sgRNA UMI count was higher
than the quantile 0.99.

Downstream processing of the scRNA-seq data

To remove the doublets, the Scrublet” Python package was utilized.
Doublets were removed from each dataset separately with initial
filtering of genes expressed in minimum 5 cells and expected doublet
rate of 20% as detected by the BD Rhapsody. Next, 7 and 8 scRNA-seq
datasets for P4 and P60, respectively, were merged in Seurat 47, Cells
with detected sgRNAs and that were not doublets were selected for

further analysis. Cells with UMI counts >500, UMI counts lower than
quantile 0.99 of total UMI counts (to remove outliers) and cells <20%
mitochondrial genes were filtered. Afterwards, the data were pro-
cessed by the standard Seurat pipeline of normalizing the data with
NormalizeData function, which scales the counts to 10,000 per cell
followed by natural log transform using loglp. Two thousand vari-
able genes were detected by the FindVariableGenes function. The
normalized data was scaled by the ScaleData function followed by
PCA analysis with the RunPCA function. The contribution of each
principal component in explaining the variance of the data with the
ElbowPlot function and selected top principal components for each
dataset of P4, P60 and tumours. The selected principal components
were used for finding nearest neighbours with the FindNeighbors
function. The clustering of the data with FindClusters function with
modularity optimization by Louvain algorithm. UMAP dimensional
reduction technique was used to visualize the datain two dimensions.
No batch effect inthe P4 and P60 datasets was observed in the UMAP
projections. Hence no batch effect correction was performed. The
marker genes for each cluster were obtained by the FindAlIMarkers
function and the clusters were annotated with cell types based on
the expression of known marker genes. The differential expression
analysis of the scRNA-seq data for each perturbation was carried out
using the MAST package” and Wilcoxon rank-sum test, which yielded
comparableresults. The kernel density estimates for gene expression
were inferred by the Nebulosa package.

Analysis of average expression and perturbation-perturbation
matrix

To obtain an overview of the transcriptional phenotype of each per-
turbation, the average gene expression of cells for each perturbation
in basal cells and all cells of P60 was calculated. Next the top 2,000
most variable genes in those perturbations were selected and heat
maps of correlation matrices were computed using the pheatmap
package with ward.D2 method for clustering. Moreover, we utilized
the preserve_neighbors function from PyMDE package (pymde.org)
for minimum-distortion embedding of the data in two dimensions.

sgRNA countsin tumour data

One-hundred and sixty eight individual tumours were sequenced to
quantify sgRNA representation in each tumour. The raw sequencing
data were demultiplexed with bcl2fastq function with correspond-
ingi5andi7 indexing barcodes. The number of sgRNAs in the sample
was counted by the count command from the MAGECK™ package.
The resulting sgRNA representations in tumours were used for total
representation and selection scores in tumours.

Immune cell depletion

CD4" or CD8" T cells were depleted by intraperitoneal injection of
a cocktail of monoclonal rat anti-mouse CD4 (YTS 191.1, Hoelzel
Diagnostika LEIN-C3210) and rat anti-mouse CD8 (YTS169.4 Hoelzel
Diagnostika LEIN-C2850) neutralizing antibodies at 10 mg per kg
body weight. Antibodies were injected every two weeks from P4 to
P60. Macrophages were depleted by intraperitoneally injecting rat
anti-mouse CD115 (CSF-1R, Hoelzel Diagnostika LEIN-C2268) at an
initial dose of 0.5 mg followed by 25 mg per kg body weight intraperi-
toneally twice per week from P4 to P60. Control mice received ratIgG
isotype control (Hoelzel Diagnostika, LEIN-I-1177). We used 6 mice for
T cell depletion, 7 mice for macrophage depletion and 7 control IgG
mice. At P60, the epidermis was prepared as described above and
splitinto two parts (anterior back skin and posterior back skin) for
separate amplicon sequencing runs. Following genomic DNA isola-
tion, PCR amplification of sgRNA cassettes was carried out with the
same protocol as the sgRNA amplification protocol from tumours.
Amplicons were sequenced on a Novaseq 6000 SP flow cell with 10%
PhiX, dualindexingi5, 8 bp;i7, 8 bp; and R1for 64 cycles. The number
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of sgRNAs in the fastq files was counted by MAGECK. DESeq2 was uti-
lized for differential enrichment analysis of the sgRNAs at gene level .
The count data for the samples were normalized using the median of
ratios method using the 50 control sgRNAs and the dispersion across
samples was estimated. A negative binomial generalized linear model
was fitted for each guide to detect differentially enriched or depleted
guides. The Pvalues obtained by the Wald test were corrected by the
Benjamini-Hochberg multiple testing procedure.

WGCNA analysis

For the WGCNA?* analysis, the dataset was downsampled to a maxi-
mum of 500 cells per perturbation using the subset function with
downsample =500 option in Seurat. Next, the data were normalized
and 2,000 most variable genes were selected with NormalizeData
and FindVariableFeatures functions. The power calculation was per-
formed by the pickSoftThreshold function from the WGCNA package
for powers1to 30. Next, we ran WGCNA analysis with blockwiseMod-
ules function with signed network, minimum module size of 10 and
mergeCutHeight value 0.15and correlation function bicor for robust
correlations using the power estimate from the previous step. The
cells with control sgRNA were notincluded for WGCNA analysis unless
specified otherwise. WGCNA analysis was carried out for each cluster
separately. To calculate the perturbation score, moduleEigengenes
function was run to obtain the module eigengenes (first principal
component) of the given module. Next, the values of the first princi-
pal component were normalized using the scale function in R. Next,
linear modelling was performedin R to obtain perturbation score for
each perturbation over control with the formula: normalized gene
score - perturbation. The P values, standard error and effect sizes
were extracted fromthe linear model for plotting. This approach was
similar to the one described injJin et al.”>. The Pvalues of differentially
expressed module genes over control by the Fisher’s method were
combined using the metap R package with the average of log fold
change to compute the average perturbation effect.

Cell-cell signalling analysis

In order to decipher cell-to-cell signalling between each cluster, the
Cellchat® package with truncated mean approach with minimum ten
cells for inferring signalling was used.

Integration of scRNA-seq data

The integration of P60 cluster O and tumour mCherry-positive clus-
ters 0 and 7 was performed using Seurat IntegrateData function. First,
each dataset was normalized and 2,000 variable genes were obtained.
Next SelectIntegrationFeatures was used to select features that are
repeatedly variable across datasets for integration. Next, the datasets
were scaled and PCA was performed using the common features. After
that, Seurat FindIntegrationAnchors function was run with the RPCA
algorithmutilizing 30 principal components followed by IntegrateData
tointegrate the datasets. Results were compared with the Harmony”
algorithm, which yielded similar integration.

SEACells analysis

Toidentify meta cell states in the scRNA-seq data, the SEACellsapproach
was employed, whichidentifies agroup of cells defined as metacells to
uncover cell states. First, the P60 EpSC dataset was downsampledtoa
maximum of 200 cells per sgRNA to obtain a similar number of meta-
cellsfor each perturbation. Around 50 cells were chosen to define one
meta cell (SEACell) and used the PCA to build the kernel. The SEACells
function was runwith the option n_waypoint_eigs=no of SeaCell +1and
convergence_epsilon=1e-5for each perturbation separately resulting
in1-4 metacells per perturbation. The SEACells model was fitted with
amaximum of 100 iterations. Furthermore, the average normalized
expressionwas calculated for each meta cell by the AverageExpression
function in Seurat for plotting the gene-expression heat maps.

General data analysis

Theanalysis was carried out using in-house Python 3.9 and R 4.1 scripts.
Datawrangling was donewiththe pandaslibraryin Pythonandtidyverse
library in R. Heat maps were created using the ComplexHeatmap and
pheatmap packages. Other plots were made using the ggplot2 library
inRand seaborn library in Python.

Pathway enrichment

Theoverrepresentation analysis for the pathway enrichment was per-
formed by EnrichR* (https://maayanlab.cloud/Enrichr), whichis based
on Fisher’s exact test, and with custom R scripts utilizing the enrichR
library on MSigDB Hallmark 2020 and other gene sets. A cut-off of
FDR < 0.05 was set to select differentially expressed genes. Pathway
enrichment analysis was carried out using the GSEA* pre-ranked
method using the GSEApy” (https://github.com/zqfang/GSEApy),
which enables the analysis of up- and downregulated genes simultane-
ously. 10,000 permutations were performed at a FDR cut-off value of
0.05 to determine enriched gene sets.

Survival analysis

TCGA datawas obtained from UCSC Xena Toil”” (http://xena.ucsc.edu).
Survival analysis was conducted for HNSCC and other TCGA tumour
typesinRutilizing the survivaland survminer library. The Cox Propor-
tional Hazards regression model was used to fit the gene-expression
datato survival to obtain the Hazard Ratio. Kaplan-Meier analysis was
performed on samples with lower and upper tertiles (top 1/3 versus
bottom1/3 mRNA) of gene expression (in transcripts per million (TPM))
and the Pvalues were computed by log-rank test. To obtain the associa-
tion of survival with the TSK signature genes, the average expression
levels of MMP9, MMP10, PTHLH, FEZ1,1L24, KCNMA1, INHBA, MAGEA4,
NTSE, LAMC2 and SLITRK6 were computed. Kaplan-Meier analysis
was performed with lower and upper tertiles of average expression
of these genes.

Statistics and reproducibility

Whole-mount stainings shown in Figs. 1c and 3e are representative
images from three fields of view from two mice each. Immunofluo-
rescence as shown in Fig. 4 are representative images from six fields
of view from four different tumours. Figure 5j—n are representative
images from five fields of view from two mice each.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The complete single-cell RNA sequencing and CROP-seq data for P4,
P60 and tumours, P60 Tnfrsfla-knockout and immune cell depletion
dataareavailable at the Gene Expression Omnibus (GEO) under acces-
sion GSE235325.

Code availability

Themainscriptsused for the analysesin this paper and the R markdown
for the main figures are available on the Sendoel laboratoy GitHub
repository: https://github.com/sendoellab/single-cell_CRISPR.
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Extended DataFig.1|Establishinganinvivo single-cell CRISPR screen.
a-b, Perturbationsincludedin the single-cell CRISPR library. Genes were
ranked based on their mutation frequency inhead and neck squamous cell
carcinoma (HNSCC) and skin squamous cell carcinoma patients available from
the cBioPortal®'. ¢, CNVsincluded in the single-cell CRISPR library. Genes were
ranked by their copy number variation frequency (CNV) inhead and neck
squamous cell carcinoma (HNSCC)®'. While CDKN2B is deleted in HNSCC, the
other15CNVsrepresentamplifications. d, Experimental workflow to prepare
single-cell suspensions from back skin followed by fluorescence-assisted cell
sorting (FACS) withrepresentative gating strategy. An example preparation
with12.5% mCherry-positive epidermal cellsis depicted. Medianinfectionrate
atP4,2.4%.Medianinfectionrate at P60,16.3%. e, sgRNA editing efficiency
represented as the percentage of indel frequency. Cas9-positive keratinocytes
were infected with the CROP-seq vector containing single sgRNAs. Indel
frequency was measured by the Surveyor nuclease assay and corresponding
DNA fragments were quantified using the Bioanalyzer.11sgRNAs representing
top, middle and bottom enriched guides were assessed. f, Stable propagation
ofthe controllibrary. Non-targeting control sgRNA representation compared

totheenriched Notchl, Fatl and p53 (3 sgRNAs each) across the TO, P4 and P60
time points. The graph displays the percentage of cells containing the sgRNA
relative to the total number of cells at each time point. g, Gene set enrichment
analysis using Enrichr of P60 Notch1sgRNA cells compared to control sgRNA
cellsreveals Notch signaling as the top enriched pathway (combined score),
validating the bioinformatics sgRNA identification pipeline. h, P60 sgRNA
enrichmentand depletion correlate well across the 8 replicates, as shown by
the Spearman correlation analysis of the top/bottom 20 perturbationsin the
P60 skin. WTA11-18 refer to the different replicates and “X” indicates FDR > 0.05.
i, Theenrichmentand depletion patterns and weighted standard deviation of
total sgRNAs across the 8 replicates in the mouse P60 skin (related to Fig. 2a).
The waterfall plot displays the enrichment and depletion of 150 perturbations
atP60, represented as thelog?2 fold change between total cellnumbersat P60
compared tothe sameratioin therespectivelibrary TO. The standard deviation
iscalculated asweighted approach, where the weight corresponds to the number
of cellsineachreplicate. The specific perturbation details canbe foundin
Extended DataFig.3a.
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a Wholemount immunofluorescence analysis of mCherry clone distribution in the skin.
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Extended DataFig.2|Marker gene expressionin P4 and P60 skin.a, Whole- profiles of the top marker genes across individual mCherry-positive cells in
mountimmunofluorescence staining of mCherry clonesin the E16.5 skin, P60 animals. e, Visualization of cell-type specific marker gene expressions by
injected with thelibrary of 500 sgRNAs. b, Heatmap displaying the expression Nebulosa density plots, highlighting their specificlocalizationin the P60 UMAP.
profiles of the top marker genes across individual mCherry-positive cells in P4 EpSCs, epidermal stem cells. UHF, upper hair follicle. DC, dendritic cell.
animals. ¢, Uniform manifold approximation and projection (UMAP) of theten f, Characterization of the P4 and P60 single-cell RNA sequencing data sets,
major cell populationsidentified by thein vivo single-cell CRISPR strategy of displaying gene counts, unique molecular identifier (UMI) counts and %
P4 animals (n =120,077 cells, from 58 animals, following filtering and sgRNA mitochondrial genes as violin plotsineach cluster.

annotation). UHF, upper hair follicle. d, Heatmap displaying the expression
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representation. Yellow indicates copy number variation genes, greenrepresents
control sgRNAs, and blue signifies genes mutated in head and neck (HNSCC)
and skinsquamous cell carcinoma (sSCC) patients. Datarepresent the weighted
average of seven P4 and eight P60 replicates (7/8 independent single-cell RNA

d, Epidermal stem cell (EpSC)-specificenrichments. The waterfall plot displays
sequencing runs, 58 P4 animals, 10 P60 animals).

theenrichmentand depletion of 150 perturbations, represented as thelog2

fold change between EpSC numbers (cluster 0) compared to TO or P4

ion of

hmentand deplet

the 150 perturbations. a-c, The waterfall plots display the enrichment and

ingenric

depletion of150 perturbations at P60 compared to thelibrary TO (a), P4 compared

tothelibrary TO (b), or P60 compared to P4 (c). Yellow indicates copy number
variation genes, green represents control sgRNAs, and blue signifies genes
replicates (7/8 single-cell RNA sequencing runs, 58 P4 animals, 10 P60 animals).

mutated in head and neck (HNSCC) and skin squamous cell carcinoma (sSCC)
patients. Datarepresent the weighted average of seven P4 and eight P60

Extended DataFig. 3 | Waterfall plotsshow
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a Pathways enriched in > 5 perturbations within top 10 enriched EpSC perturbations b Weighted gene correlation WGCNA power analysis for each cluster
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Extended DataFig. 4 |See next page for caption.



Extended DataFig.4 | WGCNA analysis of the P60 clusters. a, TNF signaling
isthe overall most strongly enriched pathway in the top 10 expanded
perturbationsin P60 epidermal stem cells. Differential gene expression was
computed foreach of the top 10 enriched perturbations in EpSCs and pathway
enrichment was performed for the significantly upregulated genes. The
pathway enrichment for upregulated and downregulated genesis shownin
Supplementary Table 3. Dot plot shows the pathways that are significantly
enrichedinatleast 5 perturbations. Overlap, total number of genes overlapping
with the pathway. b, Left panel, schematic of the weighted gene correlation
network analysis (WGCNA) pipeline to identify covarying gene modules in P60
EpSCs. For each cluster’s weighted gene correlation network analysis (WGCNA),
apower analysis was performed to find the power for the scale-free topology
and thenused forall150 perturbations to unveil gene expression changes that
arecommon to multiple gene perturbations. Anexample for cluster 0, EpSCs,
andits power analysisis displayed. ¢, Analysis of gene modulesin the different
cell populations of the P60 skin. The panel depicts 44 gene modules identified
withinnine distinct cell clusters at P60. Using Weighted Gene Correlation
Network Analysis (WGCNA), we explored correlation patterns among genes to
identify modules (groups of genes) that co-vary within these clusters. The dot
plotvisualizes the average log2 fold change for genes withineach WGCNA
modulerelative to control sgRNA cells, offering insights into the perturbation
effects ondifferent cell types. Anotable findingis the identification of a
significant TNF gene module, whichis consistently present across five different
cell clustersin P60 skin, comprising largely the same set of genes. Additionally,
the plot highlights modules corresponding to specific cell types, such as

melanocytes (characterized by genes like Sox10, Dct, Tyrp1 and Kit) or cells of
the stratum corneum within the suprabasal cluster. The color of each dot
indicates thelog2 fold change, while the size of the dot represents the adjusted
p value, calculated using the Benjamini-Hochberg procedure for controlling
the false discoveryrate. Detailed lists of genesin eachmodule can be foundin
Supplementary Table 4. The nomenclature for modules follows amodule +
cluster numberin P60 + color format, referencing the specific modules within
eachcluster.d, The majoridentified gene module in epidermal stem cells
(EpSCs) isstrongly enriched in TNF signaling, with17 out of 25 genes overlapping
with the pathway. Gene set enrichment analysis was performed using Enrichr.
e, Spearman correlation (rs) of the expression of the 25 epidermal stem cell
WGCNA module genes with clonal expansions of the 150 perturbations. P values
indicate atwo-tailed t-test. f, Alinear model predicts clone size with average
expression of 25 TNF signaling module genesin EpSCs, explaining asignificant
proportion of variance (p < 0.001, two-tailed t-test, Methods). g, Nebulosa
density plots visualize expression of the two TNF module genes RhoB and /er2.
h,Jun and Fos expressionincrease proliferation ratesin keratinocytes.
Keratinocytes were infected with lentiviral constructs expressinga control,
Ccnl, Jun or Fos construct. Proliferation was assessed by aMTT assayin 5
independent experiments. Error bars represent standard deviation of the mean.
Pvaluesindicate aone-sided Welch’s t-test. i, Overlap of TNF signaling genes
differentially expressed in P60 Notchl sgRNA cells compared to the TNF module
genes. Besides 9 genes overlapping with the TNF module, anadditional 22 genes
are differentially expressed in NotchlsgRNA compared to control sgRNA
epidermal stem cells. Pathways, MSigDB Hallmark.
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a Perturbation-perturbation matrix of P60 skin b Minimum distortion embedding (MDE) of P60 EpSC
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Extended DataFig.5|See next page for caption.



Extended DataFig. 5| Clustering perturbations to condense expression
programes. a, Clustering of perturbations to condense expression programs
and phenotypesin P60 skin. P60 perturbation-perturbation matrix based on
gene expression shows clustering of enriched perturbations such as Notch1,
Notch2, Fatl and Myhl1.Lower panel shows pathways that are enrichedin 4 or
more clusters, suggesting that the differentially expressed genesin epidermal
stem cells of cluster1, 4 (including Notch1, Notch2, Fatl and MyhI perturbations),
5and 7 arestrongly enriched in TNF signaling. Included in this analysis were
differentially expressed genes for each perturbationin the cluster compared to

control sgRNA cells (FDR < 0.05) and the pathways enriched (FDR < 0.05) in at
least 4 clusters. b, Minimum distortion embedding (MDE) was used for the
visualization and dimensionality reduction of the perturbation effect of P60
epidermal stem cells (EpSCs). MDE depicts each perturbationasadot. Some
clusters are highlighted and consist of enriched and depleted perturbationsin
EpSCs. c-d, Immunofluorescence of mouse P4 and P60 back skin sections
exhibit mCherry-positive expanded clones, TNFR1expressionin epidermal
stem cells and the presence of CD45-positiveimmune cellsin the epidermis.
Insets show higher magnification of select areas. Scalebars, 50 um.
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Extended DataFig. 6 |Single-cell RNA sequencing of mCherry-positive and
negative tumors. a, Schematic outline of the experimental strategy to test the
role of clonal expansionsintumorinitiation. The high-titer lentiviral library
consisting of 500 sgRNAs s introduced into Rosa26-Cas9 +/- E9.5 embryos via
ultrasound-guided in utero microinjections. At P60, we induced chemical
carcinogenesis by DMBA/TPA for 12 weeks and tumor single-cell suspensions
were sorted for mCherry-positive and -negative cells by FACS. Single-cell RNA
sequencing was performed on 30 mCherry-positive tumors (from 2 animals),
and another168 tumors (from 14 animals) were collected for sgRNA amplicon
sequencing. b, Representative macroscopicimage of the mouse back skin after
12 weeks of chemical carcinogenesis by DMBA/TPA treatment show mCherry-
positive and mCherry-negative tumors. Left panel, normallight. Right panel,
fluorescentlight. Arrows indicate individual mCherry-positive tumors. c, UMAP
representation of single-cell RNA sequencing data from mCherry-negative
tumor cells (n=79,821 cells, from 30 tumors, 2 animals). d, Visualization of
tumor-specifickeratinocyte (TSK)-specific marker gene expressions by Nebulosa
density plots, highlighting their specific localization in the mCherry-positive
tumor UMAP. e, Heatmap displaying the expression profiles of the top marker
genesacross individual mCherry-positive and negative tumor cells (left two
panels). Right panels show the quality control of the tumor single-cell RNA
sequencing datasets, displaying gene counts, unique molecular identifier (UMI)
counts and % mitochondrial genes as violin plots in both mCherry-positive and
mCherry-negative tumor cells. f, TNF signaling module genes are strongly

downregulatedintumors. Visualization of select TNF signaling gene expressions
by Nebulosa density plots, highlighting their specific localization in the
integrated P60 EpSC-tumor UMAP. g, Gene Set Enrichment Analysis (GSEA)
comparing tumor cluster O cells versus P60 epidermal stem cells reveals
enrichment of E2F and G2M-related pathways, with TNF signaling identified as
the top downregulated pathway. Right panel, enrichment plot for TNF signaling.
h, TNF module gene expressionis decreased in human skinand head and neck
squamous cell carcinoma patients. The decrease in TNF module gene expression
correlates with disease stage in head and neck squamous cell carcinoma
patients (also see Supplementary Fig. 8). Box plotsindicate the interquartile
range with median drawn as line and Tukey-style whiskers. Sample size per stage:
stagel=48,stage2=133,stage3 =96, stage 4 =173, normal tissue =44. P values
indicate atwo-tailed t-test. i, CellChat circle plot showing ligand-receptor
interactions of the TNF signaling pathway across mCherry-negative tumor
clusters. j, Gene set enrichment analysis comparing TNF-positive tumor-specific
keratinocyte (TSK) versus TNF-negative TSKs (cluster 7, mCherry-positive
tumors) uncovers TNF signaling and epithelial-mesenchymal transition (EMT)
astop enriched pathways in TNF-expressing TSKs, suggesting anautocrine TNF
cascade associated with invasive featuresin TSKs. Green, only 3 genes overlap
with the TNF module, suggesting the presence of adistinct TNF gene program.
Red, Mmp genes. Two-tailed Fisher’s exact test was used to examine whethera
gene set was significantly enriched.



Article

a Spatial transcriptomics b
'\" »

Mmp10-pos. TSK ) ) Mmp1 (}neg TSK

,\m .
Mmp10-neg.
‘TSl

o \\ (&I nFeature_Spatial nCount_Spatial

@@

Q o0
Nl /(( & ‘d‘é KN KV <> X Q)_o RN QY B <
&
NS

<
A nFeature_Spatial nCount_Spatial

Differentiated

L 2

Mmp10-pos. TSK Mmp10-neg. TSK

8"

Fibroblasts Endothelial
@“.
Mmp10-pos.
f Khavari lab full TSK signature TSK
scRNA-seq reference fr?m mCherry pos. and neg. tumors Mmp10-neg.
: " B TSK
© Basal Khavari lab full TSK signature 2
@ Differentiated
® Ec <
i o0
(] E_ndothehal -
® Fibroblasts ‘b -
: ® G2M iy
® HF w:s o> o
® Dendritic cells R
® Macrophages Y
® Mast cells o~ Mmp10-pos. TSK
© Melanocytes % Mmp10-neg. TSK
©  mixed 5 PR W FPY = 3
UMAP 1 3 PP ITETIEITFIFIIEFF
® Monocytes O&*’ ifp @,f}fﬁé @‘E{.*&* e
® Neutrophils 5*@
« © NKcells EMT hallmark gene set
o ® pos4
§ Mmp10-neg. TSK ® Tecells Enliiolhelial
> -infiltrati 1w| cells | «— Fibroblasts
UMAP 1 ® Tumor-infiltrating T cells Mmp10-neg. Mmp1D pos.
© Tumor-assoc. macrophages (TAM) TSK
© TSK Mmp10neg "
TSK Mmp10 pos a5
UHF ‘ <>
S PP a’e’f’é’fﬂﬁw
e f’ G
9 h
Co-occurence analysis for negative correlation of cell types (Figure 4h) Co-occurence analysis for pos. (left) and neg. (right) correlation (Figure 4j)
N oo & O
> o 05O ~ S 5 & &
EEAIPN FSe & 2 & AR
& et @\ ) N PSS N LTINS &
I SRS AKE e e & m‘@ff’ o S ST S
O «0\4\050\'\&5(\\°-‘ca & foX s a,,\} & o S8 E PR
T I AORE R ‘3(‘( . S SEREREEH PR .i%é‘f%"&ﬂ@"siﬂﬁ&ﬂ“ SR
asal
Basal [ n n Diferentiated [l I | |
Differentiated | | | £ 28 & a8
36 Endothelial Endothelial
Ec FoL I - a2 FoL a2
Endothelial G vl W
32 HF | 28 HE 28
Langherans cells Langherans cells
G2Mm Macrophages 24 Macrophages 24
Mast colls: Mast col
HF 28 Welanoores . Wolanooios .
Dendritic cells mixed_pos3_neg! mixed_pos3_neg!
Macrophages 24 oo * Heoreis "
Mast cells NK cels " NKcells -
Melanocytes 2 wrs;us o8 pfc‘eus 08
mixed T cells Mem T cells Mem
TAM: Tams
Monocytes 16 TSk g o TSKMTBH0 g o
Neutrophils TSKMmp10 oS | | sk Mmp10_pos | |
NK cells 12
pos4
Tcells 08
Tumor-infiltrating T cells
TAMs 04
TSK Mmp10_neg| )
TSK Mmp10_pos

Extended DataFig.7|See next page for caption.



Extended DataFig.7|Spatial transcriptomics of tumors. a, Characterization
ofthe tumor spatial transcriptomics datasets. Violin plots displaying gene
counts (nFeature) and unique molecularidentifier (UMI) counts (nCount) of
the 7 processed tumor sections. b-d, Hematoxylin and Eosin (H&E) stained
images of five additional sections utilized for Visium spatial transcriptomics.
Atotal of seven sections were processed to obtain spatial transcriptomics data.
Spatial maps highlight the basal and differentiated tumor areas, as well as
Mmp10-positive and negative tumor-specific keratinocytes (TSK), fibroblasts
and endothelial cells. While Mmp10-negative TSKslocalize to differentiated
regionsat the surface of the tumor, distant fromthe invasive front (b, d), Mmp10-
positive TSKsreside at the invasive front of the tumor (d, arrows). e, UMAP of
thesingle-cell reference employed for the cell-type deconvolution of the Visium
spots (see Methods section). Obtained by merging the scRNAseq datasets of
mCherry-positiveand mCherry-negative tumors (datasets from Fig. 4c,d). Ec,
erythrocytes. HF, hair follicle. Pos4, cluster 4 in mCherry-positive UMAP. UHF,
upper hair follicle.f, MmpIl0-positive TSKs more closely resemble the human
TSKsidentified by the Khavarilab®* and show higher EMT hallmark gene set
expression than MmplO-negative TSKs. The score results for the TSK signature

were obtained using Seurat’s AddModuleScore function for the human TSK
signature genes (extended marker list®>%). EMT score results were obtained
using the hallmark gene set (Molecular Signature Database). g, Co-occurrence
analysis demonstrating negative correlations between different cell types
within the tumorin Fig. 4h. The probability (P(It)) indicates the likelihood of
the observed co-occurrence beingless than the expected co-occurrence. Ec,
erythrocytes. HF, hair follicle. Pos4, cluster 4 in mCherry-positive UMAP. FBL,
fibroblasts. TAM, tumor-associated macrophages. UHF, upper hair follicle.

h, Co-occurrence analysis of the tumorin Fig. 4j shows a positive correlation
betweenthelocalization of MmpI0-positive TSKs, basal tumor cells, macrophages
and fibroblasts, inline with Mmp10-positive TSKsresidingina fibrovascular
niche.In contrast, Mmp-10-negative TSKs are positively correlated with
differentiated tumor cells. P(gt), the probability of the observed co-occurrence
tobegreater thanthe expected co-occurrence. The probability (P(It)) indicates
thelikelihood of the observed co-occurrence beingless than the expected co-
occurrence. HF, hair follicle. Ec, erythrocytes. Cluster 4, cluster 4 inmCherry-
positive tumor. UHF, upper hair follicle. TAM, tumor-associated macrophages.
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Extended DataFig. 8 |SEACells identifies rare cell states withinvasive
properties. a, The heatmap shows the selection score for all 150 perturbations
between P60 and tumors, revealing both positively and negatively selected
perturbations during tumor initiation. Because of the n =168 tumors, we focused
our main analysisonthe top 30 perturbationsin P60 EpSCs and the top 30
perturbationsin tumors to ensure the robustness and high coverage of the
selectionscore, as presented in Fig. 5c. The selection score (sgRNA tumor/
sgRNAP60) is compared to the selection score of the median control sgRNA
library. P60 total representation of perturbationin P60 skin (dial-out data).
Tumor, representation of sgRNA in tumors, calculated as the sum of the
percentagein each of the 168 tumors. b, Pathway enrichment of differentially
expressed genes between 31 positively selected perturbations and 28 negatively
selected perturbations (as shown in Fig. 5¢) uncovers significant enrichments
ingenesassociated with epithelial-mesenchymal transition (EMT), Myc targets
and the p53 pathway. Two-tailed Fisher’s exact test was used to examine whether
aMsigDB Hallmark gene set was significantly enriched. ¢, Identification of rare
cellstatesin P60 epidermal stem cells by single-cell aggregation of cell states
(SEACells)*2. SEACells algorithm was applied to identify metacellsin positively
and negatively selected perturbations, upper panel. Positively selected and
negatively selected metacells are highlighted asred and green large cells.

d,Heatmap shows average gene expression of epithelial-mesenchymal transition
(EMT) genes that were differentially expressed between positively and
negatively selected perturbations metacells (Extended DataFig. 8b). The
number next to the perturbation refers to the metacell number. Dashed box
highlights clusters of metacells expressing high levels of EMT genes, inline
withasmallsubpopulation of P60 epidermal stem cells with invasive features.
Acloseup of thered dashed regionis providedinthe upper panel. e, Positively
selected perturbations alsoinduce 12 TSK markers. The Venn diagram shows
theoverlapbetweenthe genesinducedinthe31positively selected perturbations
and the 100 TSK markers>®. In contrast, the same comparison with the genes
inducedin negatively selected perturbations only resulted in an overlap of
2genes (p=0.46).Right panel, Venn diagram showing the overlap of 12 TSK
markers and the genes upregulated in TNF high vs. low TSKs, suggesting that
asubset of these TSK markersis alsoinduced by TNF. P valuesindicate a
hypergeometric test. f, Rare cell statesinduce TSK marker genes evenin P60
clonally expanded epidermal stem cells. Heatmap shows scaled average
expression of the TSK genesidentified as the overlap of genesinduced by the
positively selected perturbations and the TSK markers (Extended Data Fig. 8e).
Metacells were identified by SEACells as outlined in Extended Data Fig. 8c. The
number next to the perturbation refers to the metacell number.
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Extended DataFig. 9| TNFinduces motility inkeratinocytes.a, TNF secretion
inkeratinocytes transduced with the TNF expression construct, asdemonstrated
by an Enzyme-linked Immunosorbent Assay (ELISA) of the cell culture
supernatant. WT, wild type. SCC, squamous cell carcinoma cells. Fat1, Notchl
and p53indicate sgRNA-infected knockout keratinocytes. Error barsindicate
standard deviation of the mean fromn =5independent experiments.b, Invitro
scratch-wound assay shows that TNF caninduce cellular motility inkeratinocytes.
Different perturbationsinkeratinocytesisolated from Rosa26-Cas9 mice (and
infected and selected with Notchl, Fatl and p53sgRNAs) and squamous cell
carcinoma cells (SCC) were treated with recombinant murine TNF and wound
closurewastracked over timein1hintervals. Scale bar,200 pm. Dataindicate
theaverage +s.d. of 3experiments. ¢, Epithelial TNF expression or TNF treatment
resultinincreased proliferation. Left panel, Methylthiazolyldiphenyl-
tetrazoliumbromide (MTT) assay ineither control, TNF-expressing keratinocytes
or TNF-expressing keratinocytes treated with TNF antibodies. Right panel, MTT
assayinkeratinocytes either mock-treated or treated with ectopic TNF. As
previously reported, high TNF concentration (100 ng/ml) leads to cell death.
Errorbarsindicate standard deviation of the mean fromn =5independent
experiments. Pvaluesindicate one-sided Welch’s t-test.d, TNF treatment

induces epithelial TNF expression. RT-qPCR was performed for treated and
untreated keratinocytes and TNF induction was calculated. Error bars represent
standard deviation of the mean from n =3 individual experiments. e, Increased
proliferationin the TNF-expressing epidermal areas. Representative section of
a TNF-expressing and control skinarea (see quantificationsin Fig. 5h). EAU
incorporation1h post-injectionin P4 animals. E9.5embryos were microinjected
withthe TNF::P2A::mCherry lentivirus. Scale bars, 50 pm. f, Quantification of
the TNF expression phenotype was performed usingimmunofluorescence
staining of P4, P17, and P27 epidermal sections obtained from animalsinjected
withaTNF overexpression construct. Infected regions were identified based
on TNF staining, while adjacent negative regions served as controls. Quantified
asaltered were regions that displayed hyperproliferation of epidermal stem
cells, epithelial invaginations or breakdown of the basal membrane. N = 42 TNF-
positive regions and n =42 control regions. g, Epithelial TNF expression or
recombinant murine TNF treatment induces epithelial Mmp9 mRNA. RT-qPCR
for Mmp9was performed for treated/infected and untreated keratinocytes.
Thelentiviral construct for TNF expressionis displayed in Fig. 5e. Error bars
indicate standard deviation of the mean fromn =3 independent experiments.
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Extended DataFig.10 | TSK mRNA levels correlate with overall survivalin
human SCC patients. a, TSK gene mRNA levels (INHBA and NT5E) correlate with
shorter overallsurvivalin human squamous cell carcinoma patients. LUSC, lung
squamous cell carcinoma. HNSCC, head and neck squamous cell carcinoma.
CESC, cervical squamous cell carcinoma. All Kaplan-Meier plots show the overall
survival, stratified by upper tertile (high) and bottom tertile (low) mRNA
expression. P valueindicates astandard log-rank test. b, TNF, TNF receptor1
and 2 mRNA level correlation with overall survival in human squamous cell
carcinoma patients. P valueindicates astandard log-rank test.c, Mmp9 mRNA
levels correlate withshorter overall survival in a total of 6 different cancer types.
UVM, Uveal Melanoma. LIHC, Liver hepatocellular carcinoma. LGG, Brain Lower
Grade Glioma.KIRC, Kidney renal clear cell carcinoma. GBM, Glioblastoma
multiforme. ACC, Adrenocortical carcinoma. P valueindicates astandard log-
ranktest.d, The TSK signature is anindependent prognostic factor for overall

survivalin head and neck squamous cell carcinoma patients. Multivariate
analysis in head and neck squamous cell carcinoma with TSK mean expression
of11genes, sex, age, subtypes (atypical n = 67, classical n = 87, mesenchymal
n=49andbasal n =75, as described by the Cancer Genome Atlas Network”®)
ascovariates. TSK genes: MMP9, MMP10, PTHLH, FEZ1, IL24, KCNMA1, INHBA,
MAGEA4, NTSE, LAMC2 and SLITRK6.HR, hazardratio. Cl, confidence interval.
Pvaluesindicate aWald test. e, The TSK signature is anindependent prognostic
factor for overall survival in head and neck squamous cell carcinoma patients.
Multivariate analysisin head and neck squamous cell carcinomawith TSK mean
expression of 11 genes, sex, age, subtypes (atypical n = 67, classicaln = 87,
mesenchymal n=49 and basaln=75,as described by the Cancer Genome Atlas
Network’®) and HPV status as covariates. TSK genes: MMP9, MMP10, PTHLH,
FEZ1,1L24, KCNMAI, INHBA, MAGEA4, NTSE, LAMC2 and SLITRK6.HR, hazard
ratio. CI, confidenceinterval. P valuesindicate a Wald test.
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Data collection  -Microscopy images were obtained using a Zeiss Axio Observer with Zen software (version 3.1)
-Western blot luminesence was recorded using the GE ImageQuant LAS4000 (version 1.2)
-Single cell capture was performed with the BD Rhapsody Scan and Analysis software (version 1.3.0.13)
-ELISA readings were taken using a Tecan i-control (version 2.0)
-Quant Studio Real-Time PCR software (version 1.3) was used to record gPCR results.
-Flow cytometry data was acquired with the FACSDiva software (BD Biosciences, version 8.0.1)

Data analysis Single-cell RNA sequencing data were processed with the following tools/packages using the commands described in the methods section:
BD Rhapsody Pipeline hosted at the Seven Bridge’s cloud platform (https://www.sevenbridges.com/, version 1.8-1.9.1)
STAR aligner (version 2.7.10b)

Scrublet Python Package (version 0.2.3)
MAST package (version 1.26.0)
pheatmap package (version 1.0.12)
pyMDE package (version 0.1.15)
MAGECK package (version 0.5.9)
WGCNA package (version 1.72-1)
metap package (version 1.8)
Cellchat (version 1.6.0)

RPCA (version 0.2.3)

SEACells (version 0.3.3)

EnrichR (version 3.2)
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GSEApy (version 1.0.5)
DeSeq?2 (version 3.18)
Image) (stable release 1.54h)

Spatial transcriptomics data:

Space Ranger software (version 2.0.1, 10x Genomics)

spacexr package (version 2.2.1, https://github.com/dmcable/spacexr)
Seurat R package (version 4.0.3)

ISCHIA package (version 1.0.0.0)

gPCR data was analysed with the Quant Studio Real-Time PCR software (version 1.3) and Microsoft Excel 365(Version 2302)
Immunofluoresence pictures were taken with the ZEN Blue microscopy software (version 3.1). Images shown are maximum intensity
projections.

Flow cytometry data were analyzed both with the BD FACSDiva (BD Biosciences, version 8.0.1) and FlowJo (version 10.8.1).

Custom scripts developed in this study is available at https://github.com/sendoellab/single-cell_CRISPR

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.
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- A description of any restrictions on data availability

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

The complete single-cell RNA sequencing and CROP-seq data for P4 stage, P60 stage, tumor amplicon sequencing and RNA-sequencing data are available on the
GEO GSE235325.

Gene expression data in actinic keratosis and skin SCC was extracted from Chitsazzadeh et al., Nature Communications, 2016, https://doi.org/10.1038/
ncomms12601.

Molecular signature database hallmark genes for gene set enrichment analysis was accessed via https://www.gsea-msigdb.org/gsea/msigdb/mouse/collections.jsp
TCGA data was accessed via xena.ucsc.edu.
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Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size Sample size was not predetermined by statistical methods. Based on previous screens and general coverage requirements for high-content
CRISPR screenings (Bock, C., Datlinger, P., Chardon, F. et al. High-content CRISPR screening. Nat Rev Methods Primers 2, 8 (2022). https://
doi.org/10.1038/s43586-021-00093-4; Xin Jin et al. In vivo Perturb-Seq reveals neuronal and glial abnormalities associated with autism risk
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genes. Science 370, eaaz6063 (2020). DOI:10.1126/science.aaz6063), we aimed for a coverage of our sgRNA library of at least 200x (cells/
sgRNA) in the in vivo samples. We achieved a coverage of 240x for the P4 and 366x for the P60 skin.

Data exclusions  For single cell CRISPR analysis, low quality and doublet cells were filtered out following standard filtering parameters. Details are provided in
the methods section.

Replication For single-cell RNA sequencing data, we performed 7 replicates for the P4 time point, resulting in a total number of 120,077 cells after
filtering and sgRNA annotation. For the P60 time point, we performed 8 replicates, resulting in a total number of 183,084 cells after filtering
and sgRNA annotation.

For TNFR1-dependency (Fig. 3c), 8 wild-type and 4 Tnfrl replicates were performed.

Tumor single-cell data were derived from 30 individual tumors from 2 animals, separated into mCherry-positive and mCherry-negative cells.
scRNA-seq library preparations were performed separately for mCherry-positive and mCherry-negative cells.

ELISA was carried out in biological and technical triplicates.

MTT assay was carried out in 5 biological replicates and technical triplicates.

in vivo EdU assay was quantified across 12 separate sections with areas of 25 cells or more

gPCR was carried out in biological triplicates and technical duplicates.

All attempts at replication were successful.
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Randomization  For mouse experiments, mice of relevant genotype were randomly assigned to each experimental protocol.

Blinding Investigators were not blinded during data acquisition. Since most of our readouts are sequencing-based, blinding would not be expected to
have an effect on the experimental outcome.

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.
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Antibodies

Antibodies used Primary antibodies for immunofluoresence:
rat anti-RFP (Chromotek, 5F8; 1:200), rabbit anti-RFP (MBL, PM0O05; 1:200), chicken anti-GFP (Abcam, ab13970; 1:200), rat anti-
CD45-biotin (Biolegend, 103104; 1:200), goat anti-TNFR1 (R&D, AF-425-PB; 1:200), rabbit anti mouse TNF-alpha (CST #11948 [D2D4]
XP[R, 1:300), rat Anti-Mouse CD104 aka ITGB beta 4 (BD Pharmingen 553745, 1:300), chicken anti-Keratin14 (Biolegend 906001,
1:300).
Secondary antibodies for immunofluoresence:
All secondary antibodies used were raised in a donkey host and were conjugated to Alexafluor488(Codes: 703-545-155, 712-545-150,
712-545-153), Cy3(Codes:703-165-155, 711-165-152), or AlexaFluor647(Codes:703-605-155,711-605-152,712-605-153) (Jackson
ImmunoResearch Laboratory; 1:500- 1:1000).

Primary antibodies for western blot:

Anti-TNF-a (Cell Signaling Technology, #11948), Anti-Vinculin (Abcam, ab129002)
Secondary Antibodies Western Blot:

Goat Anti-Rabbit 1IgG HRP Linked Antibody (Cell Signaling Technology 7074S)

Antibodies for Immune Cell depletion:

rat anti-mouse CD4 (YTS 191.1, Hoelzel Diagnostika LEIN-C3210)
rat anti-mouse CD8 (YTS169.4 Hoelzel Diagnostika LEIN-C2850)
rat anti-Mouse CD115 (CSF-1R, Hoelzel Diagnostika LEIN-C2268)
rat 1gG isotype control (Hoelzel Diagnostika, LEIN-I-1177).

Validation Antibodies were validated by the manufacturer and multiple publications. Anti-TNF-a antibody was additionally validated by western
blot and immunofluorescence in TNF-a-negative cells.
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rat anti-RFP (Chromotek, 5F8) - Zhang Y, Rozsa M, Liang Y, et al. Fast and sensitive GCaMP calcium indicators for imaging neural
populations. Nature. 2023;615(7954):884-891. doi:10.1038/s41586-023-05828-9




rabbit anti-RFP (MBL, PMO0O5) - Ishida Y et al. Autophagic elimination of misfolded procollagen aggregates in the endoplasmic
reticulum as a means of cell protection. Mol Biol Cell. 20, 2744-54 (2009)(PMID:19357194)

chicken anti-GFP (Abcam, ab13970) - Berg EM et al. Brainstem circuits encoding start, speed, and duration of swimming in adult
zebrafish. Neuron 111:372-386.e4 (2023)

rat anti-CD45-biotin (Biolegend, 103104) - Podd BS, Thoits J, Whitley N, et al. T cells in cryptopatch aggregates share TCR gamma
variable region junctional sequences with gamma delta T cells in the small intestinal epithelium of mice. J Immunol.
2006;176(11):6532-6542. doi:10.4049/jimmunol.176.11.6532

goat anti-TNFR1 (R&D, AF-425-PB) - Knizkova D, Pribikova M, Draberova H, et al. CMTM4 is a subunit of the IL-17 receptor and
mediates autoimmune pathology. Nat Immunol. 2022;23(11):1644-1652. doi:10.1038/s41590-022-01325-9

rabbit anti mouse TNF-alpha (CST #11948) - Chan L, Chung CC, Yu RC, Hong CT. Cytokine profiles of plasma extracellular vesicles as
progression biomarkers in Parkinson's disease. Aging (Albany NY). 2023;15(5):1603-1614. doi:10.18632/aging.204575

rat Anti-Mouse CD104 aka ITGB beta 4 (BD Pharmingen 553745) - Giancotti FG. Signal transduction by the alpha 6 beta 4 integrin:
charting the path between laminin binding and nuclear events. J Cell Sci. 1996;109 ( Pt 6):1165-1172. doi:10.1242/jcs.109.6.1165

chicken anti-Keratin14 (Biolegend 906001) - Radtke AJ, Kandov E, Lowekamp B, et al. IBEX: A versatile multiplex optical imaging
approach for deep phenotyping and spatial analysis of cells in complex tissues. Proc Natl Acad Sci U S A. 2020;117(52):33455-33465.
doi:10.1073/pnas.2018488117

Anti-Vinculin (Abcam, ab129002) - Hiihn D, Marti-Rodrigo P, Mouron S, et al. Prolonged estrogen deprivation triggers a broad
immunosuppressive phenotype in breast cancer cells. Mol Oncol. 2022;16(1):148-165. doi:10.1002/1878-0261.13083

Goat Anti-Rabbit IgG HRP Linked Antibody (Cell Signaling Technology 7074S) - Sakamoto A, Inoue H, Miyamoto S, Ito S, Soda Y, Tani K.
Coxsackievirus A11 is an immunostimulatory oncolytic virus that induces complete tumor regression in a human non-small cell lung
cancer. Sci Rep. 2023;13(1):5924. Published 2023 Apr 12. doi:10.1038/s41598-023-33126-x

Jackson Immuno Goat secondary for IF - Ha J, Shin J, Seok E, Kim S, Sun S, Yang H. Estradiol and progesterone regulate NUCB2/
nesfatin-1 expression and function in GH3 pituitary cells and THESC endometrial cells. Anim Cells Syst (Seoul). 2023;27(1):129-137.
Published 2023 Jun 20. doi:10.1080/19768354.2023.2226735

rat anti-mouse CD4 (YTS 191.1, Hoelzel Diagnostika LEIN-C3210) - 1. Tallén de Lara, P. et al. CD39+PD-1+CD8+ T cells mediate
metastatic dormancy in breast cancer. Nat. Commun. 2021 121 12, 1-14 (2021).

rat anti-mouse CD8 (YTS169.4 Hoelzel Diagnostika LEIN-C2850) - 1. Tallon de Lara, P. et al. CD39+PD-1+CD8+ T cells mediate
metastatic dormancy in breast cancer. Nat. Commun. 2021 121 12, 1-14 (2021).

rat anti-Mouse CD115 (CSF-1R, Hoelzel Diagnostika LEIN-C2268) - 1. Lelios, I. et al. Monocytes promote UV-induced epidermal
carcinogenesis. Eur. J. Immunol. 51, 1799 (2021).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Lenti-X(TM) 293T cells for virus production were purchased from TaKaRa Clontech (632180).
Mouse keratinocyte cells were derived in-house as described in the method section.

Commercially available cell lines were authenticated by the vendor. No additional authentication was performed.

Mycoplasma contamination Cell lines were tested for mycoplasma every three months using the Mycoplasma PCR detection kit and confirmed negative

(Sigma; D9307).

Commonly misidentified lines none of the misidentified 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

Tg(B6J.129(Cg)-Gt(ROSA)26Sortm1.1(CAG-cas9*,-EGFP)Fezh/J (denoted as “B6.Cas9”) were purchased from the Jackson Laboratory
(strain #026179).

B6.129S Tnfrsflatm1imxTnfrsfibtm1imx (denoted as Tnfrl-ko, originally from Jackson lab #003243) were acquired through the Swiss
Immunology Mouse Repository (SwimMR). Wildtype mice of the strain CD1-IGS (denoted as “CD1”) were purchased from Charles
River.

Animals were sacrificed as indicated in the manuscript for the single-cell data at either postnatal day 4(P4), or 60(P60). Immune
depleted animals also at P60. DMBA/TPA treated animals were sacrificed at age postnatal day P144. TNF-overexpression animals (Fig.
5) were sacrificed at either P4, 17 or 27

No wild animals were used in this study.
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Reporting on sex P4 and P60 single-cell data contains both male and female animals.
TNFR1 dependency on P60 animals included both P60 male and female animals.
For the DMBA/TPA, chemical carcinogenesis tumor single-cell data, only female animals were used as recommended because male
mice may fight, causing damage to the dorsal skin. (Filler, R. B., Roberts, S. J., & Girardi, M. (2007). Cutaneous two-stage chemical
carcinogenesis. Cold Spring Harbor Protocols, 2007(9), pdb-prot4837.)

Field-collected samples  No field collected samples were used in this study.

Ethics oversight The Animal Welfare Committee of the Canton of Zurich approved all animal protocols and experiments performed in this study
(animal permits ZH074/2019, ZH196/2022)

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

Flow Cytometry

Plots

Confirm that:

|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|Z| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation
Instrument
Software

Cell population abundance

Gating strategy

Single-cell suspension was achieved with mechanical dissociation and trypsin digest as described in the method section.
BD FACSAria Ill
BD FACSDiva (BD Biosciences, version 8.0.1) and FlowJo (version 10.8.1)

mCherry-positive rates were between 2.4%-16.3%. We sorted between 300,000-400,000 cells per replicate.

1) FSC-A vs SSC-A was used to gate for the bulk population of cells

2) FSC-A vs FSC-H was used to minimize doublet sorting

3) DAPI-A vs FSC-H was used to gate for live cells

4) PE-Texas Red- A vs FSC-H was used to gate for lentivirus-infected cells
Please also see Extended Data Figure 1d, which exemplifies the gating strategy.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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