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Abstract: Healthy skin is a tapestry of wild-type and mutant clones. Although injury can cooperate
with Ras mutations to promote tumorigenesis, the consequences in genetically mosaic skin are
unknown. Here, we show that wild-type cells prevent oncogenic Ras-induced aberrant growth after
injury. Although Hras®*?V"* and Kras®?®"* cells outcompete wild-type cells in uninjured, mosaic
tissue, their competitive advantage is suppressed after injury due to a selective increase in wild-type
cell proliferation. EGFR inhibition abolishes the competitive advantage of wild-type cells after injury
of Hras®'?V*-mosaic skin. Global loss of the cell cycle inhibitor p21 increases wild-type cell
proliferation even without injury, suppressing the competitive advantage of Hras®'?V/* cells. Thus,
injury plays an unanticipated role in switching the competitive balance between oncogenic and wild-

type cells in genetically mosaic skin.
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Injury suppresses Ras cell expansion

One sentence Summary: Injury-repair selectively induces wild-type cell proliferation to suppress

oncogenic growth in Ras-mosaic skin epithelium.
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Injury suppresses Ras cell expansion
Main Text:

Throughout our lifetimes, we acquire mutations in our skin, due to its constant exposure to
environmental insults. As a result, phenotypically normal skin contains a mosaic of epithelial stem
cells with somatic mutations, including in genes that are associated with cancer development such
as the GTPase Ras family(1, 2). Constitutive activation of Ras oncogenes has been identified as the
initial genetic event in 3-30% of human cutaneous squamous cell carcinomas (cSCCs)(3-6) and in
experimentally induced cSCCs in mice(7, 8). In mouse models with mosaic epithelial expression of
the constitutive active form of Hras (Hras®*?V"*), mutant cells outcompete wild-type cells and expand
in the uninjured skin epidermis(9-11). Although activated-Hras mutant cells are tolerated within
otherwise wild-type and uninjured skin epithelium(9-11), injury has been shown to cooperate with
oncogenic mutations to trigger tumorigenesis in various mouse models(12-21). We considered that
the expansion of Hras®?"* cells in the epidermis could represent a vulnerability upon injury;
Hras®?"* cells could futher expand and lead to tumors. For instance, the hyperproliferative
environment generated during injury-repair may further stimulate the proliferative behavior of
mutant cells and break the tolerance of the tissue. Here, we investigated how injury affects the

oncogenic potential of Hras®'?V/* within a genetically mosaic and phenotypically relevant context.

Injury-induced aberrant Hras®?V"* growth is suppressed in mosaic skin

The stratified skin epidermis is uniquely accessible to direct observation, which allows the
visualization of aberrant growth emergence at single-cell resolution. The basal layer contains
epidermal stem cells, which can self-renew to generate more basal cells or differentiate and
delaminate upwards to replace outer, barrier-forming cells(22, 23) (Fig. S1A). We hypothesized that

injury-repair would cooperate with constitutive activation of the Hras oncogene (Hras®*?V"*) to
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Injury suppresses Ras cell expansion

promote tumorigenesis in phenotypically normal genetically mosaic skin. To test this hypothesis, we
generated mice in which we could induce and follow populations of Hras®*?V* mutant cells within
wild-type epithelium (see Materials and Methods; K14CreER; LSL-Hras®*?V"*; LSL-tdTomato;
K14H2B-GFP). In these mice, tamoxifen treatment activates Cre in Keratin 14-positive basal stem
cells and, in turn, induces the co-expression of 1) Hras®*?V* from its endogenous promoter and 2) a
cytoplasmic fluorescent tdTomato reporter. Moreover, these mice express Histone H2B-GFP in basal
cells, which perdures throughout differentiation(24), allowing the visualization of all basal stem cells
and their progeny (Fig. 1A). We treated mice with tamoxifen at 3 weeks of age and, three days later,
introduced a full-thickness injury down to the cartilage (4 mm diameter punch biopsy) in one ear.
We employed two doses of tamoxifen to drive Hras®*2V"* expression in either approximately 99% of
basal stem cells (Hras®*?V"*-max) to recapitulate previous studies of homogeneous models(12-14, 25,
26), or approximately 65% of basal stem cells (Hras®*?V"*-mosaic) to mimic genetically mosaic skin
(Fig. 1B). As a control, we also engineered K14CreER; LSL-tdTomato; K14H2B-GFP mice and
treated them similarly to drive tdTomato expression in approximately 65% of wild-type basal stem

cells (wild-type-mosaic) (Fig. 1B).

We monitored the injured epithelium over time by combining deep tissue imaging with
guantitative analyses via IMARIS and MatLab software, which allowed us to evaluate tissue
thickness with intensity heat maps (Fig. 1C, D, Movie S1, 2, 3, 4, see Materials and Methods).
Intriguingly, at 14 days post-wound induction (PWI), the Hras®*?V"*-mosaic models did not develop
the aberrant growth and thick epithelium observed in Hras®?Y*-max models (Fig. 1C, D, Movie S1,
2, 3, 4). Histopathological analysis further showed that at day-14 PWI, the skin epithelium around
the repaired injury in the Hras®'?V*-mosaic model was normal, despite the high burden of Hras®*?V/*
mutation (Fig. S1B, C, E). In contrast, abnormal growth formed rapidly within the two weeks after

4
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injury induction in Hras®*?V"*-max;, as expected (Fig. 1C, D, Fig. S1D, E, Movie S3, 4). Collectively,
these data show that Hras®'?V"* cells break homeostatic tissue architecture during injury-repair only

when nearly all the basal stem cells express Hras®'?V"*,

Injury-repair alters the competitive balance between wild-type and Hras®*?V"* cells in mosaic

skin

Having discovered that injury-repair does not trigger aberrant growth in Hras®?V*-mosaic
tissue, we next investigated how Hras®*?V* and wild-type cells within mosaic epithelia respond to
injury. Our previous study showed that embryonically induced Hras®*?V"* basal stem cells integrate
and expand in the skin epidermis, eventually outcompeting wild-type cells(9). We had hypothesized
that this proliferative advantage of Hras®*2V"* cells would be amplified during injury-repair, which
has a higher proliferative demand than uninjured skin. To test our hypothesis, we revisited the same
wild-type and Hras®?V"* cells in the skin epidermis of live mice for one month, with or without
injury-repair (Fig. 2A, Fig. S2A). Epithelial cells start to contribute to re-epithelialization
approximately three days after injury(27, 28). Therefore, we started our analysis three days PWI (6
days after tamoxifen-induced mosaicism, Fig. 2A). We drew boundaries between GFP+/tdTomato+
and GFP+/tdTomato— regions and represented the tdTomato+ areas as a percentage of the total area

quantified (Fig. 2B, C, D, E).

We found that the Hras®'?*/tdTomato+ population expanded substantially in uninjured
Hras®?V*-mosaic epithelium, much more than the tdTomato+ population in uninjured wild-type-
mosaic epithelium. After one month, Hras®2V"* cells outcompeted wild-type cells and increased their
occupancy of the basal stem cell layer by approximately 20% in uninjured Hras®*?V"*-mosaic mice,

consistent with our previous work(9)(Fig. 2B, C, Fig. S2B). In contrast, one month after injury, the
5
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Hras®?V*/tdTomato+ and wild-type/tdTomato+ percentages were similar. This finding was
unexpected and indicates that Hras®*?V"* cells failed to outcompete wild-type cells and expand after
injury-repair of Hras®*?V"*-mosaic mice (Fig. 2D, E, Fig. 1B). Collectively, these data demonstrate
that the injury-repair process does not amplify but rather abrogates the competitive advantage that

Hras®'?V™* cells have over wild-type cells in the absence of injury.

Injury selectively induces the proliferation of wild-type cells in Hras®?V*-mosaic skin

The suppressed expansion of Hras®'?V/* cells after injury prompted us to investigate how this
process affects different cellular behaviors of mutant and wild-type cells. Specifically, we first
examined proliferation, given that Ras is a key regulator of epithelial cell proliferation in the skin
epithelium. Indeed, epithelial stem cells in vitro and in vivo fail to proliferate upon ablation of all
Ras isoforms(29). To examine the proliferation rate, we scored mitotic cells in uninjured or injured
skin by immunostaining for the mitotic marker phospho-Histone-3. We observed an increase in
epithelial cell proliferation accompanying efficient wound repair at 3-days PWI in the wild-type-
mosaic model (Fig. 3A, B). In sharp contrast, although we observed an increase in the mitotic events
of wild-type cells in the Hras®'?V*-mosaic model, Hras®'?* cell proliferation was unaltered during
repair (Fig. 3B). These findings were corroborated by measuring mitotic figures (Fig. S3A, B, C).
Therefore, wild-type cells have an unexpected and selective proliferative advantage over Hras®'?V"*

cells in the acute phase of injury-repair.

To determine if the increased proliferation of wild-type cells that we observed at 3 days PWI
was sustained over time, we scored mitotic events for over four weeks. In the wild-type-mosaic
model, the initial increase in proliferation observed in both tdTomato+ and tdTomato— wild-type

cells returned to baseline by 7 days PWI (10 days after tamoxifen-induced mosaicism) and looked
6
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similar to uninjured mice as expected (Fig. 3C, D). The initially elevated wild-type cell proliferation
observed in the injured Hras®'?V*-mosaic model also decreased over time, and eventually looked
similar to Hras®*?V"* neighbors, but still greater than wild-type cell proliferation after injury of the
wild-type-mosaic model (Fig. 3C, D). In contrast, the proliferative capacity of Hras®*?V* cells in the
Hras®?V*-mosaic model was not substantially affected by injury-repair at any of the time points
analyzed (Fig. 3C, D). Thus, injury induced a persistent increase in wild-type cell proliferation in
the Hras®'?V*-mosaic model but not in the wild-type-mosaic model (Fig. 3D). The balanced
proliferation of wild-type and Hras®?V"* cells sustained at later time points after injury would

effectively continue to prevent the expansion of Hras®'?V/* cells in the Hras®*?V*-mosaic model.

To test whether injury-repair leads to genotype-specific changes in other cellular behaviors,
we monitored apoptosis, which is an established cell competition mechanism(30) and inhibited by
Ras signaling(31, 32). We examined cell death by scoring for either nuclear fragmentation events or
expression of an apoptotic marker, active-Caspase-3. The overall frequency of apoptosis was low,
and we did not observe significant differences in cell death events of wild-type or Hras®*?V'* cells in
mice with or without injury at 6 days post-tamoxifen-induced mosaicism and at later time points
(Fig. 3E, F, Fig. S3D, E, F, G). Differentiation is another mechanism of cell loss that could influence
wild-type or Hras®?V"* cell competition in the skin epidermis. To comprehensively evaluate
differentiation rates, we interrogated the expression of early differentiation markers by both protein
and scRNA-seq analyses (Fig. 3G, H, Fig. S3H, Fig. S4, Fig. S5). sScRNA-seq analysis revealed an
earlier onset of differentiation during injury-repair in the Hras®*?V*-mosaic model compared to the
wild-type-mosaic model, inferred from an increase of differentiation markers and a decrease of
stemness transcripts (see Materials and Methods; Fig. S5C). To determine if the increased
differentiation depended on the genotype, we quantified the expression of the early differentiation

7
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marker Keratin10 in wild-type and Hras®'?V"* cells. We observed a similar increase of differentiating
cells upon injury for both wild-type and Hras®*?V"* cells compared to the uninjured condition, in

contrast to the selective increase in proliferation of wild-type cells (Fig. 3G, H, Fig. S3H).

Collectively, these results show that injury-repair increases wild-type cell proliferation only,

and therefore suppresses Hras®*?V"* cell expansion in the Hras®'?V*-mosaic model.

Aggressive Kras®?P* mutant cells lose their competitive advantage during injury-repair of

mosaic skin

Next, we investigated whether the injury-repair process in mosaic skin could effectively
suppress a more aggressive allele of the Ras gene family, Kras®*®. Mice with homogeneous
activation of Kras®*?P"* in the skin epidermis rapidly develop oncogenic growth in areas of constant
abrasion (data not shown; (33, 34)). Kras is one of the most frequently mutated oncogenes in human
cancer and broadly activated across epithelial cancers, including cSCCs(35, 36). We generated mice
in which we could induce and follow Kras®'?®* cells within wild-type epithelium (see Materials and
Methods; K14CreER;  LSL-Kras®?P*:  LSL-tdTomato; K14H2B-GFP). Similar to
Hras®'2V"*/tdTomato+ cells in the Hras®'?V"*-mosaic model, Kras®*?®"*/tdTomato+ cells expanded in
uninjured Kras®*P*-mosaic mouse skin but did not expand after injury (Fig. 4A, B, Fig. S6A). We
scored mitotic events before and after injury induction, and again observed a selective increase in
the proliferation of wild-type cells but not mutant cells in Kras®*?®’*-mosaic mouse skin, similar to

what we observed in the Hras®'?"*-mosaic model (Fig. 4C).

To monitor phenotypes at the tissue level, we applied two-photon microscopy with

quantitative analyses of epidermal thickness represented by intensity heat maps. Despite the high
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burden of Kras®?®* mutation (approximately 65% of recombined cells), the skin epithelium of
Kras®?P*-mosaic mice remained similar to wild-type-mosaic models after injury (Fig. 1C, Fig. 4D,
E, Fig. S6A, B). In contrast, the Kras®?®*-max model, in which nearly all the basal stem cells
expressed Kras®'?P* displayed rapid abnormal growth within the first two weeks after injury (Fig.

4D, E, Fig. S6A, C, D).

Overall, our work strongly suggests that the selective increase in wild-type cell proliferation
during injury-repair of mosaic skin limits the expansion and tumorigenic potential of mutant cells

expressing different oncogenic variants of the Ras gene family.

EGFR inhibition promotes the expansion of Hras®?V* cells in mosaic skin after injury

We found that injury-repair in mosaic skin triggers a specific increase in the proliferation of
wild-type cells but not Kras®?®* and Hras®?V* cells. However, it remained unclear whether the
increased proliferation of wild-type cells per se suppressed the competitive advantage of Ras-mutant
cells. To investigate this, we specifically reduced the proliferation of wild-type cells by inhibiting
the epidermal growth factor receptor (EGFR). In wild-type cells, EGFR activation is required to
upregulate Ras signaling and thus promote cell proliferation of the skin epidermis during injury-
repair (37-40). In contrast, Hras®*2V"* cells are less dependent on EGFR activation for Ras signaling,
due to their expression of constitutively active Ras®?V. Therefore, EGFR inhibition should
selectively reduce proliferation of wild-type cells after injury. We employed the EGFR inhibitor
Gefitinib, which we verified repressed EGFR activity during injury-repair of wild-type-mosaic mice
(see Materials and Methods; Fig. S7TA). As expected, Gefitinib treatment selectively inhibited the
proliferation of wild-type cells, but not of Hras®*?V"* cells, in Hras®*?V*-mosaic models after injury

(Fig. 5A). To assess how Gefitinib treatment affects cell competition during injury-repair, we tracked
9
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the percentage of surface coverage of Hras®2V"* cells (GFP+/tdTomato+) at 3-, 7- and 14-days PWI
(6-, 10-, 17- days post-tamoxifen-induced mosaicism). Strikingly, we discovered that EGFR
inhibition reestablishes the competitive advantage of Hras®'?V/* cells over their wild-type neighbors

during injury-repair of mosaic mice (Fig. 5B, C, Fig. S7B).

Collectively, our data demonstrate that the EGFR/Ras signaling pathway is required to
selectively increase wild-type cell proliferation after injury and to suppress Hras®*2V* cell expansion

in mosaic models.

Loss of the cell cycle regulator p21 suppresses the competitive advantage of Hras®?V/* cells in

uninjured mosaic skin

To examine whether increased proliferation of wild-type cells is sufficient to suppress the
competitive advantage of Ras-mutant cells in the absence of injury, we directly manipulated cell
proliferation in the uninjured setting. The G1/S phase cyclin-dependent kinase inhibitor p21 is
expressed in G1 phase cells to maintain skin epithelium homeostasis(41, 42), and its genetic ablation
leads to increased proliferation in wild-type mouse skin epithelial cells in vitro and in vivo(41-44).
Indeed, phospho-Histone-3 immunostaining of a p21™" model revealed substantially increased
proliferation of basal stem cells, but not dermal cells, in uninjured mice (Fig. S7C, D). We
hypothesized that Hras®'?V/* cells downregulate p21 expression to promote a high proliferative rate.
Interestingly, p21 expression was significantly reduced at both mRNA and protein levels in
Hras®?V*-mosaic models compared to wild-type-mosaic models (Fig. S8A, B, C, D, E). Therefore,
we reasoned that ubiquitous p21 deletion in the Hras®*?V"*-mosaic model may selectively manipulate
wild-type cells without affecting Hras®*?V"* cells, which express low levels of p21. To this end, we

combined the p21™!" model with the tamoxifen-inducible Hras®*?V"* model (see Materials and
10
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Methods; K14CreER; LSL-Hras®'?V*; LSL-tdTomato; constitutive p21™'": K14H2B-GFP).
Excitingly, p21 loss increased the proliferation of wild-type cells but not of Hras®*?V"* cells in p21™!l-
Hras®?Y*-mosaic mice, mimicking the selective increase in wild-type cell proliferation during
injury-repair of Hras®?V*-mosaic mice (Fig. 5D, E). Importantly, the constitutive loss of p21 and
increased proliferation were sufficient to suppress the competitive advantage of Hras®*?V* cells over
time in uninjured mice (Fig. 5F, G, Fig. S7E), recapitulating the effects of injury-repair in

Hras®12V*-mosaic mice.

To explore the molecular mechanism that specifically increases the proliferation of wild-type
cells but not Hras®?V* cells in the p21™" model and injury model, we probed the activation status
of one of the key regulators of cell proliferation downstream of Ras, mitogen-activated protein
kinase (MAPK, ERK1/2)(45). In uninjured skin, wild-type mice exhibited a lower level of activated
ERK1/2 (phosphoERK1/2) when compared to the Hras®*?V*-mosaic and -max models, as expected
(Fig. S9A, B). We observed increased levels of phosphoERK1/2 in wild-type mice that were
undergoing injury-repair or that lacked p21 (Fig. S9A, B). However, the increase in phosphoERK1/2
was not significantly different in Hras®*?V"*-mosaic and -max models in uninjured and injured
conditions (Fig. S9A, B). Moreover, phosphoERK1/2 levels were similar after injury in all three
models (wild-type, Hras®*?V*-mosaic models and Hras®*?V"*-max, Fig. S9A, B). Lastly, the
activation of Akt (phosphoAkt), another downstream target of the Ras pathway, was not significantly

affected by either injury or p21 loss (Fig. S9C).

Overall, these data suggest that injury-repair or loss of p21 specifically increase the activity

of a downstream effector of Ras, ERK1/2, in wild-type cells to increase their proliferation, enabling

11
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them to effectively suppress the competitive advantage of oncogenic Ras-mutant cells in mosaic

mice.

Discussion

Healthy tissues, including skin, harbor a number of somatic mutations, some of which are in
known tumor driver genes(l, 2, 46-48). Models have shown that tumors can arise from the
accumulation of multiple mutations, or from a lower mutational burden cooperating with additional
exogenous insults, such as injury(12-20, 25, 26). We discovered that Ras-mutant cells break tissue
architecture during injury-repair only when they represent nearly all the basal stem cells in the skin
epidermis. In contrast, when Ras-mutant cells coexist with wild-type neighbors, injury selectively
activates the endogenous proliferation program in wild-type cells only, which counteracts Ras-
mutant cell expansion and oncogenesis (Fig. 6). Specifically, after an initial spike post-injury
induction, the proliferation of wild-type cells equalizes to the level of Ras-mutant cells, higher than
the proliferation of wild-type cells in homogeneous wild-type models. Neighboring wild-type cells
exert a powerful defensive mechanism, even in the presence of a higher mutational burden from the

most aggressive isoforms of the Ras family, Kras.

We found that, although injury-repair is coordinated by various ligands/receptors, the
EGFR/Ras signaling pathway emerges as key for selectively increasing wild-type cell proliferation
to suppress Ras-mutant cell expansion. In the absence of injury, the constitutive loss-of-function of
p21 also leads to a selective increase in proliferation of wild-type cells in uninjured mosaic skin,
recapitulating the responses to injury and highlighting the sufficiency of wild-type cell proliferation
as a protective mechanism against Ras-mutant cell expansion. Thus, genetic and environmental

mechanisms enhance wild-type cell proliferation, whereas Ras-mutant cells are insensitive.
12
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Molecularly, our data suggest that the Hras®'?¥ mutation renders cells insensitive to pro-proliferative
stimuli mediated by the EGFR/Ras pathway during injury-repair, in part because they already have
high levels of phosphoERK1/2 activation, which promotes cell proliferation(49). Based on this
observation, we propose that the fold change in Ras pathway activation before and after injury
contribute to the selective capacity of wild-type cells to respond to pro-proliferative stimuli during

injury-repair that are already maximized in Hras®*?V"* cells (Fig. 6).

Our findings have broad implications, given that Ras-mutant cells have competitive
advantages over wild-type cells not only in uninjured skin, but also in other uninjured tissues, such
as intestinal crypts and blood(50-52). Recent studies in a single layer epithelium in vitro and in vivo
have shown that Ras®*?V-mutated cells are apically extruded when surrounded by wild-type epithelial
cells(53-55). In the stratified epithelium of skin epidermis, our studies and others showed that Ras-
mutant cells expand to outcompete wild-type neighbors and integrate in a healthy tissue, suggesting
a different mode of cell competition compared to the systems above(9-11). We reconcile the evidence
above by noting that different tissues preserve and maintain their specific architecture through
distinct cell behaviors. Endogenous behaviors for monolayer epithelia are proliferation and
extrusion, whereas multilayer epithelia rely on proliferation and delamination/differentiation. Thus,
in a stratified epithelium, differentiation is analogous to extrusion in monolayer epithelia. Consistent
with this reasoning, our evidence suggests that apoptosis, an ectopic behavior in the adult skin

epithelium, is not involved in the competition between wild-type and Hras®*2V"* cells.

Traditional therapeutic approaches used for cancer treatment involve suppressing the
proliferation of all cells, both mutant and wild-type cells. While these approaches restrain tumor

expansion, they also impair the opportunity for the tissue to deploy natural defenses, such as selective
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promotion of wild-type cell proliferation. The next step towards an effective therapeutic treatment

would be to determine how to promote the proliferative advantage bestowed on wild-type cells in

the injury environment or in the pro-proliferative p21™" state. Our data would argue that in

precancerous states, EGFR activation, such as through EGF treatment, might provide a competitive

advantage to wild-type cells in the presence of neighbors expressing the constitutively active form

of Ras oncogene. Collectively, this work provides way forward for future research and clinical

application to shift the focus on the mechanism that empower wild-type cells in the competition with

their mutated opponent.

References and Notes

10.

11.

12.

13.

I. Martincorena et al., Tumor evolution. High burden and pervasive positive selection of somatic
mutations in normal human skin. Science 348, 880-886 (2015).

J. C. Fowler et al., Selection of Oncogenic Mutant Clones in Normal Human Skin Varies with Body
Site. Cancer Discov 11, 340-361 (2021).

A. C. White et al., Defining the origins of Ras/p53-mediated squamous cell carcinoma. Proc Nat/ Acad
Sci US A 108, 7425-7430 (2011).

J. M. Spencer, S. M. Kahn, W. Jiang, V. A. Deleo, |. B. Weinstein, Activated ras genes occur in human
actinic keratoses, premalignant precursors to squamous cell carcinomas. Arch Dermatol 131, 796-
800 (1995).

F. Su et al., RAS mutations in cutaneous squamous-cell carcinomas in patients treated with BRAF
inhibitors. N Engl J Med 366, 207-215 (2012).

J. G. van der Schroeff, L. M. Evers, A. J. Boot, J. L. Bos, Ras oncogene mutations in basal cell
carcinomas and squamous cell carcinomas of human skin. J Invest Dermatol 94, 423-425 (1990).

M. Quintanilla, K. Brown, M. Ramsden, A. Balmain, Carcinogen-specific mutation and amplification
of Ha-ras during mouse skin carcinogenesis. Nature 322, 78-80 (1986).

K. Brown, D. Strathdee, S. Bryson, W. Lambie, A. Balmain, The malignant capacity of skin tumours
induced by expression of a mutant H-ras transgene depends on the cell type targeted. Curr Biol 8,
516-524 (1998).

C. M. Pineda et al., Hair follicle regeneration suppresses Ras-driven oncogenic growth. J Cell Biol 218,
3212-3222 (2019).

E. Y. Cai et al., Selective Translation of Cell Fate Regulators Mediates Tolerance to Broad Oncogenic
Stress. Cell Stem Cell 27, 270-283 277 (2020).

M. Sandoval, Z. Ying, S. Beronja, Interplay of opposing fate choices stalls oncogenic growth in murine
skin epithelium. Elife 10, (2021).

B. Bailleul et al., Skin hyperkeratosis and papilloma formation in transgenic mice expressing a ras
oncogene from a suprabasal keratin promoter. Cell 62, 697-708 (1990).

R. E. Cannon et al., Kinetics of wound-induced v-Ha-ras transgene expression and papilloma
development in transgenic Tg.AC mice. Mol Carcinog 20, 108-114 (1997).

14


https://doi.org/10.1101/2022.01.05.475078
http://creativecommons.org/licenses/by-nc-nd/4.0/

OO NOOULL B WN K

AP DD PP, PEDEDDWWWWWWWWWWNNNDNNNNNNNRRRPERPRRERPRERRPRPR
NoupbhbwNRPROOONOOTULLPWNEROOOONOOUPWNREROOONOUPEEWNEO

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.05.475078; this version posted January 6, 2022. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

available under aCC-BY-NC-ND 4.0 International license.

Injury suppresses Ras cell expansion

D. A. Greenhalgh et al., Induction of epidermal hyperplasia, hyperkeratosis, and papillomas in
transgenic mice by a targeted v-Ha-ras oncogene. Mol Carcinog 7, 99-110 (1993).

R. Vassar, M. E. Hutton, E. Fuchs, Transgenic overexpression of transforming growth factor alpha
bypasses the need for c-Ha-ras mutations in mouse skin tumorigenesis. Mol Cell Biol 12, 4643-4653
(1992).

A. M. Dominey et al., Targeted overexpression of transforming growth factor alpha in the epidermis
of transgenic mice elicits hyperplasia, hyperkeratosis, and spontaneous, squamous papillomas. Cell
Growth Differ 4, 1071-1082 (1993).

C. E. Oki-ldouchi, P. S. Lorenzo, Transgenic overexpression of RasGRP1 in mouse epidermis results in
spontaneous tumors of the skin. Cancer Res 67, 276-280 (2007).

M. Kasper et al., Wounding enhances epidermal tumorigenesis by recruiting hair follicle
keratinocytes. Proc Natl Acad Sci U S A 108, 4099-4104 (2011).

S. Y. Wong, J. F. Reiter, Wounding mobilizes hair follicle stem cells to form tumors. Proc Natl Acad
Sci U S A 108, 4093-4098 (2011).

M. E. Page, P. Lombard, F. Ng, B. Gottgens, K. B. Jensen, The epidermis comprises autonomous
compartments maintained by distinct stem cell populations. Cell Stem Cell 13, 471-482 (2013).
P.Y.Huangetal., Lgr6 is a stem cell marker in mouse skin squamous cell carcinoma. Nature Genetics
49, 1624-1632 (2017).

K. R. Mesa et al., Homeostatic Epidermal Stem Cell Self-Renewal Is Driven by Local Differentiation.
Cell Stem Cell 23, 677-686 €674 (2018).

K. Cockburn et al. (https://www.biorxiv.org/content/10.1101/2021.01.07.425777v1 2021).

T. Tumbar et al., Defining the epithelial stem cell niche in skin. Science 303, 359-363 (2004).

L. A. Hansen, R. Tennant, Focal transgene expression associated with papilloma development in v-
Ha-ras-transgenic TG.AC mice. Mol Carcinog 9, 143-154 (1994).

A. Leder, A. Kuo, R. D. Cardiff, E. Sinn, P. Leder, v-Ha-ras transgene abrogates the initiation step in
mouse skin tumorigenesis: effects of phorbol esters and retinoic acid. Proc Natl Acad Sci U S A 87,
9178-9182 (1990).

S. Park et al., Tissue-scale coordination of cellular behaviour promotes epidermal wound repair in
live mice. Nat Cell Biol 19, 155-163 (2017).

M. Aragona et al., Defining stem cell dynamics and migration during wound healing in mouse skin
epidermis. Nat Commun 8, 14684 (2017).

M. Drosten, C. G. Lechuga, M. Barbacid, Ras signaling is essential for skin development. Oncogene
33, 2857-2865 (2014).

E. Moreno, L. Valon, F. Levillayer, R. Levayer, Competition for Space Induces Cell Elimination through
Compaction-Driven ERK Downregulation. Curr Biol 29, 23-34 €28 (2019).

E. Calautti, J. Li, S. Saoncella, J. L. Brissette, P. F. Goetinck, Phosphoinositide 3-kinase signaling to Akt
promotes keratinocyte differentiation versus death. J Biol Chem 280, 32856-32865 (2005).

J. Downward, Pl 3-kinase, Akt and cell survival. Semin Cell Dev Biol 15, 177-182 (2004).

L. van der Weyden et al., Acute sensitivity of the oral mucosa to oncogenic K-ras. J Pathol 224, 22-
32 (2011).

G. Lapouge et al., Identifying the cellular origin of squamous skin tumors. Proc Natl Acad Sci U S A
108, 7431-7436 (2011).

L. Vitale-Cross, P. Amornphimoltham, G. Fisher, A. A. Molinolo, J. S. Gutkind, Conditional expression
of K-ras in an epithelial compartment that includes the stem cells is sufficient to promote squamous
cell carcinogenesis. Cancer Res 64, 8804-8807 (2004).

I. A. Prior, P. D. Lewis, C. Mattos, A comprehensive survey of Ras mutations in cancer. Cancer Res 72,
2457-2467 (2012).

15


https://www.biorxiv.org/content/10.1101/2021.01.07.425777v1
https://doi.org/10.1101/2022.01.05.475078
http://creativecommons.org/licenses/by-nc-nd/4.0/

OO NOOULL B WN K

AP DD PP, PEDEDDWWWWWWWWWWNNNDNNNNNNNRRRPERPRRERPRERRPRPR
NoupbhbwNRPROOONOOTULLPWNEROOOONOOUPWNREROOONOUPEEWNEO

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.05.475078; this version posted January 6, 2022. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

available under aCC-BY-NC-ND 4.0 International license.

Injury suppresses Ras cell expansion

X. Chen et al., IL-17R-EGFR axis links wound healing to tumorigenesis in Lrigl(+) stem cells. J Exp Med
216, 195-214 (2019).

S. K. Repertinger et al., EGFR enhances early healing after cutaneous incisional wounding. J Invest
Dermatol 123, 982-989 (2004).

L. Buday, J. Downward, Epidermal growth factor regulates p21lras through the formation of a
complex of receptor, Grb2 adapter protein, and Sos nucleotide exchange factor. Cell 73, 611-620
(1993).

J. Berlanga-Acosta et al., Epidermal growth factor in clinical practice - a review of its biological
actions, clinical indications and safety implications. Int Wound J 6, 331-346 (2009).

J. Lee et al., Runx1 and p21 synergistically limit the extent of hair follicle stem cell quiescence in vivo.
Proc Natl Acad Sci U S A 110, 4634-4639 (2013).

D. Haensel et al., Defining Epidermal Basal Cell States during Skin Homeostasis and Wound Healing
Using Single-Cell Transcriptomics. Cell Rep 30, 3932-3947 3936 (2020).

G. |. Topley, R. Okuyama, J. G. Gonzales, C. Conti, G. P. Dotto, p21(WAF1/Cip1) functions as a
suppressor of malignant skin tumor formation and a determinant of keratinocyte stem-cell
potential. Proc Natl Acad Sci U S A 96, 9089-9094 (1999).

K. Bedelbaeva et al., Lack of p21 expression links cell cycle control and appendage regeneration in
mice. Proc Natl Acad Sci U S A 107, 5845-5850 (2010).

P. A. Dumesic, F. A. Scholl, D. I. Barragan, P. A. Khavari, Erk1/2 MAP kinases are required for
epidermal G2/M progression. J Cell Biol 185, 409-422 (2009).

I. Martincorena et al., Somatic mutant clones colonize the human esophagus with age. Science 362,
911-917 (2018).

K. Suda et al., Clonal Expansion and Diversification of Cancer-Associated Mutations in Endometriosis
and Normal Endometrium. Cell Rep 24, 1777-1789 (2018).

D. Fernandez-Antoran et al., Outcompeting p53-Mutant Cells in the Normal Esophagus by Redox
Manipulation. Cell Stem Cell 25, 329-341 e326 (2019).

W. Zhang, H. T. Liu, MAPK signal pathways in the regulation of cell proliferation in mammalian cells.
Cell Res 12, 9-18 (2002).

A. ). Sabnis et al., Oncogenic Kras initiates leukemia in hematopoietic stem cells. PLoS Biol 7, e59
(2009).

L. Vermeulen et al., Defining stem cell dynamics in models of intestinal tumor initiation. Science 342,
995-998 (2013).

D. J. Flanagan et al., NOTUM from Apc-mutant cells biases clonal competition to initiate cancer.
Nature 594, 430-435 (2021).

N. Sato et al., The COX-2/PGE2 pathway suppresses apical elimination of RasV12-transformed cells
from epithelia. Commun Biol 3, 132 (2020).

A. Sasaki et al., Obesity Suppresses Cell-Competition-Mediated Apical Elimination of RasV12-
Transformed Cells from Epithelial Tissues. Cell Rep 23, 974-982 (2018).

W. Hill et al., EPHA2-dependent outcompetition of KRASG12D mutant cells by wild-type neighbors
in the adult pancreas. Curr Biol 31, 2550-2560 e2555 (2021).

V. Vasioukhin, L. Degenstein, B. Wise, E. Fuchs, The magical touch: genome targeting in epidermal
stem cells induced by tamoxifen application to mouse skin. Proc Natl/ Acad Sci U S A 96, 8551-8556
(1999).

X. Chen et al., Endogenous expression of Hras(G12V) induces developmental defects and neoplasms
with copy number imbalances of the oncogene. Proc Natl Acad Sci U S A 106, 7979-7984 (2009).

C. Deng, P. Zhang, J. W. Harper, S. J. Elledge, P. Leder, Mice lacking p21CIP1/WAF1 undergo normal
development, but are defective in G1 checkpoint control. Cell 82, 675-684 (1995).

16


https://doi.org/10.1101/2022.01.05.475078
http://creativecommons.org/licenses/by-nc-nd/4.0/

OO NOOULL B WN K

NNNRPRRPRRRRRRRR
NP OWWOWNOOULDWNERO

23

24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.05.475078; this version posted January 6, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Injury suppresses Ras cell expansion

59. L. Madisen et al., A robust and high-throughput Cre reporting and characterization system for the
whole mouse brain. Nat Neurosci 13, 133-140 (2010).

60. E. L. Jackson et al., Analysis of lung tumor initiation and progression using conditional expression of
oncogenic K-ras. Genes Dev 15, 3243-3248 (2001).

61. C. M. Pineda et al., Intravital imaging of hair follicle regeneration in the mouse. Nat Protoc 10, 1116-
1130 (2015).

62. S. Joost et al., Single-Cell Transcriptomics of Traced Epidermal and Hair Follicle Stem Cells Reveals

Rapid Adaptations during Wound Healing. Cell Rep 25, 585-597 587 (2018).
63. F. A. Wolf, P. Angerer, F. J. Theis, SCANPY: large-scale single-cell gene expression data analysis.
Genome Biol 19, 15 (2018).

64. I. Tirosh et al., Dissecting the multicellular ecosystem of metastatic melanoma by single-cell RNA-
seq. Science 352, 189-196 (2016).

65. K. Polanski et al., BBKNN: fast batch alignment of single cell transcriptomes. Bioinformatics 36, 964-
965 (2020).

66. F. V. Pedregosa, G. et al., Scikit-learn: Machine Learning in Python. Journal of Machine Learning
Research 12, 2825-2830 (2011).

67. M. D. Young, S. Behjati, SoupX removes ambient RNA contamination from droplet-based single-cell
RNA sequencing data. Gigascience 9, (2020).

68. R. Satija, J. A. Farrell, D. Gennert, A. F. Schier, A. Regev, Spatial reconstruction of single-cell gene

expression data. Nat Biotechnol 33, 495-502 (2015).
69. C. S. McGinnis, L. M. Murrow, Z. J. Gartner, DoubletFinder: Doublet Detection in Single-Cell RNA
Sequencing Data Using Artificial Nearest Neighbors. Cell Syst 8, 329-337 €324 (2019).

Acknowledgements: We thank all members of the Greco lab, Beronja S (Fred Hutchinson Cancer
Research Center, Seattle, WA), Regot S (Johns Hopkins University School of Medicine, Baltimore,
MD), Politi K and Hu B (Yale university, New Haven, CT) and Andersen A (Life science editor) for
critical feedback on the manuscript. We thank Muzumdar MD (Yale University, New Haven, CT)
for the LSL-Kras®?®"* mice. Funding: This work is supported by an HHMI Scholar award and NIH
grants number 1R01AR063663-01, 1R01AR067755-01A1, 1DP1AG066590-01 and RO1AR072668
(VG). SG was supported by Human Frontiers Science Program Long-term Postdoctoral fellowship
(LTO00051 2017-L). MK and KA were supported by grants from Cancerfonden (CAN 2018/793),
Vetenskapsradet (VR2018-02963) and Karolinska Institutet (2-2111/2019; 2016-00206). Author
contributions: SG and VG designed experiments and wrote the manuscript. SG performed two-
photon imaging, epidermal preparation staining, mouse genetics, image analyses, designed the
SCRNA-seq experiment and assisted with analyses. DG assisted with IMARIS and MatLab analyses.
NR and KA assisted with data analyses of scRNA-seq data. MK assisted with interpretation of
scCRNA-seq data. SY assisted with IMARIS data analysis. CM assisted with epidermal preparation
and staining. EL and TX assisted with whole mount tissue and OCT staining. KS assisted with
clinical diagnosis of histological images and provided critical feedback on the manuscript.
Competing interests: The authors declare no competing financial interests. Data and materials
availability: All data from this study are available from the authors on request. ScRNA-seq data will
be available in Gene Expression Omnibus (GEO) in the accepted manuscript.

17


https://doi.org/10.1101/2022.01.05.475078
http://creativecommons.org/licenses/by-nc-nd/4.0/

v b~ W N

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.05.475078; this version posted January 6, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Injury suppresses Ras cell expansion

Supplementary Materials:

Materials and Methods

Figs. S1to S9

References (20, 21, 23, 24, 56-69)
Movies S1 to S4

18


https://doi.org/10.1101/2022.01.05.475078
http://creativecommons.org/licenses/by-nc-nd/4.0/

© 00 N O U1 B WN -

I S
A W N R O

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.05.475078; this version posted January 6, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Injury suppresses Ras cell expansion

A
w
?
B C wild-type-mosaic 14 days PWI
s 1001 B wild-type-mosaic
H . — Hras®'?Y*-mosaic
o 804 * — Hras®'?*-max
© e
§ 60 3 v
= X
] A
N 404 .
= Hras®'?V*-mosaic
E 204
0 T T T
D 5600- — wild-type-mosaic = |Y
p= — Hras®'?¥*-mosaic X
g500- — Hras®™2%*-max
s Hras®'2¥"*-max
o
(&)
‘q-; (A
1]
Q Thick f the epitheli A
S 0 ickness of the epithelium
>
<

Rtaty® Distancs fFom Woistd (Im) o I J>255m

Fig. 1: Injury-induced aberrant Hras®*?V"* growth is suppressed in mosaic skin. A) Left: cartoon
schematic depicting a 4 mm punch biopsy, full-thickness wound, on one mouse ear and the area
around the wound imaged by two-photon microscopy. Right: top down (x-y) and transversal (x-z)
views of a two-photon image of the skin epithelium at 14 days post-wound induction (PWI) of
K14CreER; LSL-tdTomato; K14H2B-GFP mouse (asterisks mark hair canals and dashed lines mark
the basement membrane in x-z view and the wound edge in x-y view; Scale bar=100 um) and (middle)
a cartoon schematic of wild-type (green) and recombined cells post-tamoxifen injection (red) around
the injury. Tertiary inset: close-up images of top down (x-y) and transversal (x-z) views of the skin
epithelium show all the epithelial cell nuclei (K14H2B-GFP) in green and recombined cells,
expressing tdTomato, in red (dashed lines mark the transversal section in x-y view and the basement
membrane in x-z view; Scale bar=20 um). B) Initial percentage of tdTomato+ area in the first revisit
at 3 days PWI of wild-type-mosaic, Hras®?V*-mosaic and Hras®'?V*-max (n=4 wild-type-mosaic
and Hras®*?V"*-mosaic mice and n=5 Hras®?"*-max mice). C) Heat maps of the top down (x-y) view
of representative two-photon images around the injury in wild-type-mosaic, Hras®*?V"*-mosaic and
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Hras®?V*-max at 14 days PWI (dashed lines highlight the wound edge). The color code corresponds
to epithelial thickness and is used to identify the presence of aberrant growth around the injury (see
key below images). Only Hras®?¥"*-max developed aberrant oncogenic growth around the injury.
Scale bar=100 um. D) Quantification of the average thickness, using IMARIS and MatLab software,
of the epithelium at 14 days PWI at different distances from the edge of the wound in wild-type-
mosaic, Hras®?V*-mosaic and Hras®?¥*-max. Solid lines represent means and dashed lines
standard deviations. n=4 wild-type-mosaic and Hras®?¥"*-mosaic mice and n=5 Hras®?V*-max
mice.
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Fig. 2: Injury-repair alters the competitive balance between wild-type and Hras®2V/* cells in
mosaic skin. All epithelial nuclei are in green (K14H2B-GFP) and recombined cells are in red (LSL-
tdTomato). A) Schematic representation of the experimental design: induction of recombination
through tamoxifen injection at post-natal day 19, followed by injury induction 3 days later and
imaging of uninjured and injured areas at 6 days, 10 days, 17 days and 30 days post-recombination.
GFP+/tdTomato+ (red) and GFP+/tdTomato— (green) cells in wild-type and Hras®*2V"*-mosaic are
tracked and compared over time. B) Two-photon representative revisit images of the same area of
the basal stem cell layer of the epidermis in uninjured condition in wild-type and Hras®'?V*-mosaic

at 6 days, 10 days, 17 days and 30 days post-tamoxifen injection. Hras®'?V/* cells (GFP+/tdTomato+)
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Injury suppresses Ras cell expansion

outcompeted wild-type neighbors (GFP+/tdTomato—) over time. White lines highlight the
boundaries between GFP+/tdTomato+ and GFP+/tdTomato— populations. C) Percentage increase of
tdTomato+ area over time in uninjured condition in wild-type and Hras®'?V*-mosaic. Initial time
point is at 6 days post-tamoxifen injection followed by 10 days, 17 days and 30 days from the
recombination (see Materials and Methods). D) Two-photon representative revisit images of the
same area of the basal stem cell layer of the epidermis during injury-repair in wild-type and
Hras®?V*-mosaic at 3 days, 7 days, 14 days and 27 days PWI. In injured condition, Hras®'?V/* cells
(GFP+/tdTomato+) did not outcompete wild-type neighbors (GFP+/tdTomato—) over time. E) Same
quantification as in C) at 3 days, 7 days, 14 days and 27 days PWI. Statistics: unpaired, two-tailed t-
test between wild-type and mutant mice at different time points in uninjured and injured conditions.
** P<0.005 and ***, P<0.0005, ns indicates not statistically significant. Data are represented as
means and standard deviations. n=4 mice for each condition. Scale bar=20 pum.
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Injury suppresses Ras cell expansion

Fig. 3: Injury selectively induces the proliferation of wild-type cells in Hras®*?V*-mosaic skin.
All epithelial nuclei are in green (K14H2B-GFP) and recombined cells are in red (LSL-tdTomato).
A) Two-photon representative images of the epidermal preparation staining against phospho-
Histone-3, a mitotic marker, in both wild-type and Hras®*2V"*-mosaic (positive cells highlighted with
white dashed circles). B) Quantification of phospho-Histone-3 positive cells in GFP+/tdTomato+
and GFP+/tdTomato— populations in both wild-type and Hras®'?V*-mosaic at 6 days after tamoxifen
treatment in injured/3 days PWI (1) and uninjured (U) ears. The number of positive cells in the
immunostaining was divided by the GFP+/tdTomato+ and GFP+/tdTomato— areas and multiplied by
the total area analyzed (=300 um?) to compare the two populations. We analyzed three ~300 um?
areas for each mouse. n=4 mice for each condition. C) Quantification of mitotic figures in uninjured
ears at 6 days, 10 days, 17 days and 30 days post-tamoxifen injection in GFP+/tdTomato+ and
GFP-+/tdTomato— populations in wild-type-mosaic (left) and Hras®'?V*-mosaic (right). Statistical
analysis of mitotic events between wild-type-mosaic and Hras®?V*-mosaic in GFP+/tdTomato—
(green) or GFP+/tdTomato+ (red) population over time are represented with green or red dotted lines.
n=4 mice for each condition. D) Same quantification as in C) in injured ears. E) Two-photon
representative images of the epidermal preparation staining against active-Caspase-3, an apoptotic
marker, in both wild-type and Hras®?V"*-mosaic (positive cells highlighted with a white dashed
circle). F) Quantification of active-Caspase-3 positive cells in GFP+/tdTomato+ and
GFP+/tdTomato— areas in both wild-type and Hras®?¥*-mosaic in injured/3 days PWI (1) and
uninjured (U) ears. The number of positive cells in the immunostaining was divided by the
GFP+/tdTomato+ and GFP+/tdTomato— areas and multiplied by the total area analyzed (~300 pm?)
to compare the two populations. We analyzed three ~300 um? areas for each mouse. n=3 mice for
each condition. G) Two-photon representative images of the epidermal preparation staining against
Keratin10, an early differentiation marker, in both wild-type and Hras®'?V* -mosaic (positive cells
are stained in white). H) Quantification of the fold change differences in the number of cells
expressing Keratin10 (left) or phospho-Histone3 (right) between uninjured and injured conditions in
GFP+/tdTomato+ and GFP+/tdTomato— populations in Hras®*2V"*-mosaic. Uninjured condition is
equal to 1. n=3 mice for Keratin10 staining in each condition. n=4 for phospho-Histone-3 staining in
each condition. Statistics: Pair, two-tailed t-test, for comparison between GFP+/tdTomato+ and
GFP+/tdTomato— populations in the same group of mice. Unpaired, two-tailed t-test for comparison
between GFP+/tdTomato+ and GFP+/tdTomato— populations in different groups of mice. *, P<0.05,
** P<0.005 and ***, P<0.0005 and **** P<0.00001. ns indicates not statistically significant. Data
are represented as means and standard deviations. Scale bar=20 pum.
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Fig. 4: Aggressive Kras®?P* mutant cells lose their competitive advantage during injury-
repair of mosaic skin. All epithelial nuclei are in green (K14H2B-GFP) and recombined cells are
in red (LSL-tdTomato). A) Two-photon representative revisit images of the same area of the basal
stem cell layer of the epidermis in Kras®*2P*-mosaic in uninjured (top row) and injured (bottom row)
conditions.  Kras®*?P*  cells (GFP+/tdTomato+) outcompeted  wild-type neighbors
(GFP+/tdTomato—) over time in uninjured condition but not during injury-repair. White lines
highlight the boundaries between GFP+/tdTomato+ and GFP+/tdTomato— populations. Scale bar=20
um. B) Percentage increase of tdTomato+ area at 6 days (3 days PWI), 10 days (7 days PWI), 17
days (14 days PWI) and 30 days (27 days PWI) post-tamoxifen injection in uninjured and injured
conditions. n=4 uninjured Kras®**-mosaic mice and n=5 injured Kras®?®*-mosaic mice. C)
Quantification of mitotic figures in GFP+/tdTomato+ and GFP+/tdTomato— areas in both wild-type
and Kras®*?P*-mosaic. The number of mitotic events was divided by the GFP+/tdTomato+ and
GFP-+/tdTomato— areas and multiplied by the total area analyzed (~300 um?) to compare the two
populations. We analyzed three ~300 pm? areas for each mouse. n=4 uninjured Kras®'?®*-mosaic
mice and n=5 injured Kras®?®”*-mosaic mice. D) Heat maps of the top down (x-y) view of
representative two-photon images around the injury in Kras®?®*-mosaic and Kras®?®*-max at 14
days PWI. The color code corresponds to epithelial thickness (see key below images) and is used to
identify the presence of aberrant oncogenic growth around the injury. Only Kras®*?P*-max
developed aberrant growth around the injury. E) Quantification of the average thickness, using

IMARIS and MatLab software, of the epithelium at 14 days PWI at different distances from the edge
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of the wound in wild-type, Kras®*?®*-mosaic and Kras®?®*-max. Solid lines represent means and
dashed lines standard deviations. n=4 Kras®*?P*-mosaic mice and n=3 wild-type and Kras®*?®"*-max
mice. Statistics: Pair, two-tailed t-test, for comparison between GFP+/tdTomato+ and
GFP+/tdTomato— populations in the same group of mice. Unpaired, two-tailed t-test for comparison
between GFP+/tdTomato+ and GFP+/tdTomato— populations in different groups of mice and
between Kras®?P*-mutant mice in uninjured and injured conditions at different time points. *,
P<0.05, **, P<0.005, ***, P<0.0005 and **** , P<0.00001, ns indicates not statistically significant.
Data are represented as means and standard deviations.
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Fig. 5: Increased wild-type cell proliferation is sufficient to suppresses the competitive
advantage of Hras®?V*cellsin mosaic skin. A) Quantification of mitotic figures in
GFP+/tdTomato+ and GFP+/tdTomato— areas in both Hras®*?¥"*-mosaic treated daily with either
vehicle or 200 mg/kg of Gefitinib (see Materials and Methods). The number of mitotic events was
divided by the GFP+/tdTomato+ and GFP+/tdTomato— areas and multiplied by the total area
analyzed (~300 um?) to compare the two populations. We analyzed three ~300 pm? areas for each
mouse. n=3 vehicle and n=4 Gefitinib treated mice. B) Two-photon representative revisit images of
the same area of the basal stem cell layer of the epidermis in injured Hras®'?V"*-mosaic treated with
vehicle (top row) or 200 mg/kg of Gefitinib (bottom row). White lines highlight the boundaries
between GFP+/tdTomato+ and GFP+/tdTomato— populations. Scale bar=20 um. C) Quantification
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of the percentage increase of tdTomato+ area at 6 days, 10 days and 17 days post-tamoxifen injection
in injured Hras®*?V*-mosaic treated with vehicle or 200mg/kg of Gefitinib. Hras®?V* cells
(GFP+/tdTomato+) reestablished their competitive advantage over wild-type neighbors
(GFP+/tdTomato—) during injury-repair upon EGFR inhibition with Gefitinib. D) Quantification of
mitotic figures in GFP+/tdTomato+ and GFP+/tdTomato— areas in wild-type-mosaic, Hras®*2V/*-
mosaic and constitutive-p21™!-HrasGl2Vi*_mosaic. n=2 wild-type-mosaic and Hras®?"*-mosaic mice
(n=6 considering experiments in Fig. 2) and n=4 constitutive-p21™"'-Hras®*2V"*-mosaic mice. E)
Quantification of phospho-Histone-3 positive cells in GFP+/tdTomato+ and GFP+/tdTomato— areas
in constitutive-p21™''-Hras®*?V"*-mosaic. The number of positive cells in the immunostaining was
divided by the GFP+/tdTomato+ and GFP+/tdTomato— areas and multiplied by the total area
analyzed (~300 um?) to compare the two populations. We analyzed three ~300 um? areas for each
mouse. n=3 mice for each condition. F) Two-photon representative revisit images of the same area
of the basal stem cell layer of the epidermis in uninjured condition in wild-type-mosaic (top row),
Hras®?Y*-mosaic (middle row) and constitutive-p21™"'-Hras®?V"*-mosaic (bottom row). White lines
highlight the boundaries between GFP+/tdTomato+ and GFP+/tdTomato— populations. Scale bar=20
um. G) Quantification of the percentage increase of tdTomato+ area at 6 days, 10 days, 17 days and
30 days post-tamoxifen injection in uninjured condition in wild-type-mosaic, Hras®'?V"*-mosaic and
constitutive-p21™-Hras®'?V*-mosaic. n=2 wild-type-mosaic mice and Hras®*?V*-mosaic mice (n=6
considering experiments in Fig. 2) and n=4 constitutive-p21™"'-Hras®*?V"*-mosaic mice. Statistics:
unpaired, ordinary one-way ANOVA between wild-type-mosaic, Hras®*?V"*-mosaic and
constitutive-p21™-Hras®'?V*-mosaic at different time points in uninjured condition. Unpaired, two-
tailed t-test for comparison between different populations. *, P<0.05 and **. P<0.005. ns indicates
not statistically significant. Data are represented as means and standard deviations.
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Injury-repair induces wild-type cell proliferation to suppress abnormal oncogenic Ras growth
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Eig. 6: Injury-repair induces wild-type cell proliferation to suppress abnormal oncogenic Ras
growth. In the uninjured mosaic skin epidermis, Ras epithelial cells integrate and expand,
outcompeting wild-type neighbors. During injury-repair of mosaic skin, the competitive advantage
of Ras cells over wild-type cells rather than enhanced is suppressed. Further, injury-induced Ras
oncogenic growth do not develop. Injury induces wild-type cell proliferation, whereas Ras cell
proliferation is unchanged. EGFR signaling pathway is crucial for increasing selectively wild-type
cell proliferation to suppress Ras cell expansion during injury-repair. Ras cells are not sensitive to
other pro-proliferative stimuli mediated by the EGFR pathway due to the constitutive activation of
Ras, a downstream target of EGFR. Direct manipulation of proliferation, via constitutive p21 loss,
revealed the sufficiency of wild-type cell proliferation in counteracting the competitive advantage of
Ras cells even in the absence of the injury. Our data support a model whereby injury-repair and p21
loss increase the activity of ERK1/2, a Ras downstream pathway that controls cell proliferation. This
leads to comparable ERK1/2 levels between wild-type and Ras models and results in an increase in
wild-type cell proliferation that effectively suppresses the competitive advantage of Ras mutant cells.
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