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Abstract

Environmental and molecular carcinogenesis are linked by the discovery that chemical carcinogen induced-mutations in the Hras or Kras genes
drives tumor development in mouse skin. Importantly, enhanced expression or allele amplification of the mutant Ras gene contributes to selec-
tion of initiated cells, tumor persistence, and progression. To explore the consequences of Ras oncogene signal strength, primary keratinocytes
were isolated and cultured from the LS[-Hras®'?® and LS[-Kras®'?? C57BL/6J mouse models and the mutant allele was activated by adeno-Cre
recombinase. Keratinocytes expressing one (H) or two (HH) mutant alleles of Hras®”??, one Kras®'?" allele (K), or one of each (HK) were studied.
All combinations of activated Ras alleles stimulated proliferation and drove transformation marker expression, but only HH and HK formed tu-
mors. HH, HK, and K sustained long-term keratinocyte growth in vitro, while H and WT could not. RNA-Seq yielded two distinct gene expression
profiles; HH, HK, and K formed one cluster while H clustered with WT. Weak MAPK activation was seen in H keratinocytes but treatment with
a BRAF inhibitor enhanced MAPK signaling and facilitated tumor formation. K keratinocytes became tumorigenic when they were isolated from
mice where the LS[-Kras®’?? allele was backcrossed from the C57BL/6 onto the FVB/N background. All tumorigenic keratinocytes but not the
non-tumorigenic precursors shared a common remodeling of matrisomal gene expression that is associated with tumor formation. Thus, RAS
oncogene signal strength determines cell-autonomous changes in initiated cells that are critical for their tumorforming potential.

Graphical Abstract

Genetic
Background: C57BL/6

Primary .
Keratinocytes L3

Ras©12D l I I 1 l

allele(s): H K HK HH ) : 1

Matrisome Genes
Downregulated
In Tumorigenic

Keratinocytes

Tumor
Growth:

Introduction methylcholanthrene (MCA) all result in premalignant papil-
lomas bearing Hras activating mutations (1). The full tumor-

driver mutations underpinning cancer initiation. Remarkably, Hlil.tlatmg capacity do'f opcogfemc hHms vséas c‘onﬁrfmed whe.n
whenapplied tomouse skin, the mutagens 7,12-dimethybenzo(a) s ;_III tumors elzup ted in vivo z;t;r t\;}ﬁtm uction ot oncogenic
anthracene (DMBA), N-methyl-N-nitrosurea (MNU), and v-Hras into keratinocytes (2,3). ile carcinogen treatment

Chemical carcinogenesis has been used for decades to define the

Received: April 27,2022; Revised: October 3 2022; Accepted: October 27,2022
Published by Oxford University Press 2022.


mailto:yuspas@mail.nih.gov?subject=

1150

is sufficient to induce Hras mutations in skin keratinocytes,
homeostatic disruption by non-mutagenic tumor promoters
is required for clonal expansion of initiated keratinocytes and
tumor formation. Even then, between 20 and 50% of benign
papillomas with confirmed Hras mutations regress when pro-
moter treatment is stopped (4,5). Molecular studies on per-
sistent papillomas suggest that expression of the Hras transcript
is elevated by tumor promoters (6) or oncogene dosage is modi-
fied by selective trisomy of chromosomes 6 and 7 that carry the
Hras and Kras genes (7). Alternatively, the Hras mutant allele
could be selectively amplified at the benign stage (8). While mu-
tations in Hras are frequently detected in carcinogen-initiated
skin tumors, Kras mutations also drive papilloma formation in
mouse skin and Kras-driven tumors tend to be larger and more
persistent (9-11). Thus, the qualitative and quantitative proper-
ties of the individual mutant Ras alleles determine the destiny of
tumors that develop in experimental cutaneous carcinogenesis.
However,a dissection of the allele-specific downstream signaling
that contributes to this destiny has not been performed.

The three Ras genes (Hras, Kras, and Nras) encode four
RAS protein isoforms that are highly similar in primary se-
quence, structure, and biochemical properties. However, there
are striking cancer-type specific mutational profiles of RAS
gene isoforms in human cancer (12,13), with KRAS being mu-
tated in one-third of all cancers. In mouse models, wild-type
Hras and Kras are mostly bioequivalent, but their oncogenic
counterparts display differential transforming properties
(14,15). Some of those differences can be attributed to vari-
ation in expression level, signal intensity, and cellular context
(16). Early transgenic models utilized constitutively active
Hras overexpression to drive skin carcinogenesis (17,18), but
newer knock-in approaches allow for constitutive expression
of mutant Hras and Kras from their endogenous promoters,
therefore bypassing the caveat of overexpression (19,20) and
their application to mouse skin carcinogenesis studies (21).

Our past work has sought to understand how activating
mutations in Ras are sufficient to initiate cancer in keratino-
cytes and produce the initiated phenotype that is manifested,
through tumor promoter-induced clonal expansion, as the be-
nign squamous papilloma. We have focused on a signaling
cascade in which RAS activation establishes a series of auto-
crine loops through EGFR, IL-1R, NF-xB, and CXCR2 to
produce hyperproliferation, delayed terminal differenti-
ation, enhanced migration, and the elaboration of multiple
chemokines and cytokines that are hallmarks of initiated
keratinocytes. Interruption of any of these interacting path-
ways reduces or prevents tumor formation (11,22-24). In the
current work, we used primary keratinocytes expressing one
or multiple alleles of mutant Hras and mutant Kras expressed
from their endogenous loci to track downstream effectors that
might distinguish pathways that underlie the allele-specific
differences in their transforming capabilities. In keeping the
mutation identical (G12D) across comparisons, we have iden-
tified key differences among Hras and Kras mutants and the
need for more than one mutant allele to be expressed for au-
tonomous tumor formation to occur iz vivo.

Materials and methods

Animals

LSL-Hras®"?P mice (stock #009046), LSL-Kras®?" mice
(stock #008179) (19) on a C57BL/6 genetic background and
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Rosa26-Cas9 knock-in mice on a FVB genetic background
(stock# 026558) (25) were purchased from The Jackson
Laboratory.

Cell culture and treatments

Primary mouse keratinocytes and hair follicle buds were iso-
lated from newborn pups as described previously (26) and cul-
tured in modified Eagle’s medium (EMEM, Lonza 06-174G),
8% Chelex-treated FBS (Gemini Bio Products 100-106), and
0.05 mmol/L calcium unless otherwise indicated. The Cre re-
combinase (Cre) was introduced into primary keratinocytes
using an adenoviral construct driven by a cytomegalovirus
promoter. Keratinocytes were adenovirus-infected for 30 min
in serum-free medium with a MOI of five viral particles per
cell and hexadimethrine bromide (4 pg/mL, Sigma, 107689)
to enhance uptake. Serum-containing medium was added to
the cells for the next 48 h after the infection in the presence
of the Rho-associated protein kinase inhibitor Y-27632 at 2.5
uM (Tocris) to limit the toxicity associated with the adeno-
viral transduction (27). Long-term cultures were fixed and
stained with a 10% formalin/0.5% crystal violet solution.

Athymic nude mouse grafting

Mouse experiments were performed under a protocol ap-
proved by the National Cancer Institute (NCI) and National
Institutes of Health Animal Care and Use Committee. Seven
days after adenoviral Cre transduction, 7 million H, K, HH,
or HK keratinocytes were mixed with 4 million SENCAR
mouse primary dermal fibroblasts (cultured for 1 week) and
grafted onto the back of nude mice on a prepared skin graft
site located in the interscapular region (26). Tumor formation
was monitored weekly for up to 8 weeks. Tumors were har-
vested, fixed in formalin and embedded in paraffin for hema-
toxylin and eosin (H&E) staining (Histoserv, Gaithersburg,
MD).

RNA isolation and RNA-seq

RNA was isolated from cultured cells using RLT RNeasy 96
Qiacube HT Kit (Qiagen, 74171) and on-column DNA digest
(Qiagen, 79254). The concentration of RNA was determined
using a NanoDrop and the RNA integrity was analyzed with
an RNA nanochip on a Bioanalyzer (Agilent Technologies,
Santa Clara, CA). RNA samples were pooled and sequenced
on 4 lanes of HiSeq3000 with Illumina HiSeq 3000/4000
chemistry. All the samples had yields above 96 million reads.
RNA-seq data were aligned and counted using the CCR
Collaborative Bioinformatics Resource (CCBR) in-house
pipeline (https://github.com/CCBR/Pipeliner). Briefly, reads
were trimmed of low-quality bases and adapter sequences
were removed using Cutadapt v1.18. Mapping of reads to
reference Mouse mm10 genome was performed using STAR
v2.6.1 in 2-pass mode. Then, RSEM v1.2.31 was used to
quantify gene-level expression, with counts normalized to
library size as counts-per-million. Downstream analysis and
visualization were performed within the NIH Integrated
Analysis Portal (NIDAP) using R programs developed on the
Foundry platform (Palantir Technologies). Here, quantile nor-
malization and differential expression of genes analysis were
performed using limma-voom v3.34.5 (28). Genes that were
both significantly differentially expressed relative to control
(adjusted P < 0.01) and that had absolute fold-changes rela-
tive to control > 2.0 were retained for further analysis. Gene
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set enrichment analysis (GSEA) was performed against four
gene set collections (C6: Oncogenic signatures, CP: KEGG:
KEGG gene sets, CP: Canonical pathways, and H: hallmark
gene sets) from the Molecular Signatures Database (MSigDB
version 6.2), using R and Bioconductor fgsea library version
1.8.0. Results were filtered based on adjusted P-value then
sorted on Normalized Enrichment Score (NES). The data
discussed in this publication have been deposited in NCBI’s
Gene Expression Omnibus and are accessible through GEO
Series accession GSE200607 and GSE200632.

Statistical analysis

Unless otherwise specified, biochemical data were analyzed
by Prism software, and significance values were assigned
using the Mann—Whitney U test, Student’s #-test, or one-way
ANOVA with Dunnett’s post-hoc test. Statistical significance
of P values in figures are represented as follows: *P < 0.03,
**P<0.01, ***P <0.001.

Results

Mutant Ras genes have allele-specific effects on
mouse keratinocytes

To explore the qualitative and quantitative molecular re-
quirements for RAS signaling to produce autonomous tumor
formation, we intercrossed LSL-Hras®'?P? and LSL-Kras®'?P
mice to generate a source of primary keratinocytes ex-
pressing either wild-type (WT) endogenous alleles, a single
mutant allele (Hras%"?P or H, Kras®'?P or K), or two mutant
alleles (Hras®?P and Kras®'?P or HK). In parallel, we also
intercrossed LSL-Hras®"?P animals to produce offspring ex-
pressing two Hras®!?P mutant alleles (or HH) (Supplementary
Figure S1, available at Carcinogenesis Online). All mice were
on a C57BL/6 background. After establishing primary kera-
tinocyte cultures from newborn mice, we transduced cultures
with an adenovirus expressing Cre recombinase to delete the
LSL cassette(s) and allow expression of mutant Ras. Proper
expression of WT and mutant alleles of each genotype was
confirmed by digital droplet PCR (Supplementary Figure
S2A and B, available at Carcinogenesis Online). This ana-
lysis also revealed that expression of one Kras®'?P allele in K
and HK reduced the expression of the Kras"T allele by half
when compared to WT, H, and HH (Supplementary Figure
S2A, available at Carcinogenesis Online). Likewise, expres-
sion of Hras®"?P reduced the expression of Hras"" by half
(Supplementary Figure S2B, available at Carcinogenesis
Online). Unexpectedly expression of the mutant Kras allele
also reduced the expression of the HrasVT allele.

To directly test the tumor-forming abilities of H, K, HH,
and HK keratinocytes, we employed an orthotopic grafting
assay in nude mice (26). Seven days after adenoviral Cre
treatment, keratinocytes were harvested and transplanted
to a prepared orthotopic graft site in the adipose-rich and
highly vascular interscapular region, a site that we reported
to be the most permissive for tumor formation (24). Under
these conditions, only keratinocytes expressing two mutant
alleles (HH and HK) formed squamous papillomas (Figure
1A). A hallmark of keratinocyte transformation by v-Ras™
transduction is hyperproliferation, which was replicated by
all endogenous mutant Ras combinations independent of
their differences in tumor formation (Figure 1B). Untreated
cultured keratinocytes undergo terminal differentiation or
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senescence and detach after several weeks. After 11 days, our
cultures remained confluent irrespective of Ras allele com-
bination (Figure 1C). However, only the K, HK, and HH
alleles, but not the single H allele, were able to maintain
keratinocyte culture confluency for at least 30 days (Figure
1C), suggesting a strong negative influence on differenti-
ation or senescence by these pathways. In the highly regu-
lated stratification of the skin, only basal cells proliferate,
but proliferation persists above the basal cell compartment
in oncogenic Ras-induced papillomas. This can be modeled
in keratinocyte cultures by switching cells from prolifer-
ation medium (0.05 mM calcium) to differentiating medium
(0.5 mM calcium) and measuring proliferation (29). Under
these circumstances, only K, HK, and HH alleles, but not
the single H allele, supported continued proliferation in 0.5
mM calcium for 7 days (Figure 1D). The ability to main-
tain proliferation in a differentiation-inducing environment
was consistent with the ability of HH and HK, but not H,
keratinocytes to form tumors, but left the lack of tumor for-
mation by K keratinocytes unexplained. Using an in vitro
migration assay, we could demonstrate that all Ras alleles
enhanced migration above wiltype keratinocytes but migra-
tion was further enhanced when comparing HH versus H
and HK versus K (Figure 1E) suggesting that migration prop-
erties may contribute to potential for tumor formation as
seen for keratinocytes expressing double mutant alleles from
their respective control.

Mutant Hras®?® and Kras®'?® signaling outputs are
not equal in primary keratinocytes

We next performed molecular analyses to dissect the
mechanism(s) underpinning the tumorigenicity of keratino-
cytes expressing different Ras alleles. Immunoblot analysis
indicated that either one or two mutant Ras alleles activated
MAPK signaling in all four genotypes, whereas a single Hras
allele showed the weakest activation (Figure 2A) as measured
by phospho-MEK and phospho-ERK. Since MAPK activa-
tion in keratinocytes is a consequence of both the expres-
sion of constitutively active RAS and autocrine activation of
upstream EGFR (30), the strong increase in EGFR Tyr1068
phosphorylation in K, HH, and HK keratinocytes relative to
H paralleled the other markers. As suggested by the droplet
PCR, the activation of the K allele in K or HK reduced the
expression of the endogenous WT HRAS protein to a small
degree. pAKT was not different across the genotypes. Probing
nuclear extracts for key transcription factors downstream
of oncogenic RAS showed a very strong increase in nuclear
phosphorylated FOSL1, particularly for the double mutants
and K, but not for H. Nuclear phosphorylated c-Jun was
also increased for all mutants. Nuclear residence of NF-xB
p65 and RelB was detected in all genotypes, consistent with
previous findings in v-Ras™ in keratinocytes (24). DNp63,
which has been associated with papilloma formation and pro-
gression (31), was increased in the nuclear fraction of all Ras
genotypes except for HH. Further, IkBZ, which we previously
associated with v-Hras'™ transformation of keratinocytes
(32), showed increased nuclear residence with all mutant Ras
alleles (Figure 2B). Together these results indicate that each
individual mutant Ras allele configuration drives unique re-
sponses in pathways implicated in tumor formation, with the
H allele having the weakest effects and the double mutants
having the strongest.
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Figure 1. Only orthotopic grafts expressing two mutant alleles (HH or HK) produce squamous papillomas. (A) Representative photographs of orthotopic
grafts at the interscapular site at collection time. WT, H, K, HK, and H keratinocytes, 7 days after transduction with Cre recombinase, were mixed with
mouse primary dermal fibroblasts before grafting as described in the methods. Tumor incidence is indicated below the figure for each genotype and
represent the compilation of multiple independent grafting experiments. 200 um scale bar. (B) Tritiated thymidine incorporation was measured in WT, H,
K, HK, and HH keratinocytes 7 days after transduction with Cre recombinase. (C) Cristal violet staining of long-term culture dishes (11 and 30 days) in
the presence or absence of Cre recombinase treatment. (D) Timeline of culture conditions, WT, H, K, HK, and HH keratinocyte cultures were transduced
with Cre and kept for 5 extra days under proliferative conditions (0.05 mM Ca?*) then culture for 7 days under differentiating (0.5 mM Ca?*) prior to EdU
addition (arrowhead). (E) Incucyte scratch assay quantification on WT, H, K, HK, and HH keratinocyte cultures transduced with Cre and kept for 5 extra
days under proliferative conditions followed by mitomycin treatment prior to the scratch assay.

The increased nuclear residence of FOSL1 and p635 by all ablate Fosll and Rela in K keratinocytes (Supplementary
oncogenic Ras alleles prompted us to examine their regula-  Figure S3A, available at Carcinogenesis Online). Neither ab-
tion of markers previously associated with keratinocyte trans-  lation reversed the suppression of the differentiation marker
formation by v-Ras™ (24,33). CRISPR was used to separately ~ Krt1 (Supplementary Figure S3B, available at Carcinogenesis
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Figure 2. Mutant Hras and Kras exhibit different biological output in primary keratinocytes. (A) total cell extract and nuclear extracts (B) from WT, H, K,
HK, and H keratinocytes 7 days after transduction with Cre were analyzed by immunoblotting for the indicated proteins. HSP90 and Lamin A/C were

used as a loading control for cell lysates and nuclear extracts respectively.

Online). Loss of FOSL1 potentiated the expression of the
cytokine Cxcll and the EGFR ligand Areg, indicating that
FOSL1 and its AP-1 partners are negative regulators of those
genes. In contrast, both transcription factors were positive
regulators of Krt8, a marker tied to papilloma progression in
vivo (34). These results show that RAS controls transform-
ation markers through specific transcriptional interactions
suggesting that a broader transcriptional study could reveal
profiles associated with tumor formation.

Non-tumorigenic K keratinocytes share gene
expression profiles with tumorigenic keratinocytes

To further characterize if unique transcriptional changes
could distinguish tumorigenic versus non-tumorigenic RAS
genotypes, we subjected WT, H, K, HH, and HK keratino-
cytes to RNA sequencing analysis. Following unsupervised
hierarchical clustering of the top 100 genes with the most
variance among the five genotypes, two major distributions
were revealed (Figure 3A). One gene distribution consisted of
WT and H keratinocytes. The second distribution consisted of
HH, K, and HK, with K clustering closest to HK despite not
being able to form tumors in vivo. Volcano plots were gener-
ated to visualize differentially expressed genes across several
pair-wise comparisons of tumorigenic versus non-tumorigenic
groups containing a common mutant allele. Comparing
tumorigenic HH to non-tumorigenic H keratinocytes and
tumorigenic HK to non-tumorigenic K keratinocytes identi-
fied unique sets of differentially expressed genes, suggesting

that there is no uniform transcriptomic change that deter-
mines tumor formation downstream of different mutant Ras
alleles (Supplementary Figure S4, available at Carcinogenesis
Online; Supplementary Table S1, available at Carcinogenesis
Online). This was confirmed by the comparison of the two
tumorigenic genotypes, HH and HK, where there were many
differentially expressed genes. As depicted on the Venn dia-
gram, 192 genes were shared by the HH versus H and HK
versus K groups, while 577 and 207 were uniquely repre-
sented for each respective contrast (Figure 3B; Supplementary
Table S2, available at Carcinogenesis Online).

To further understand the consequences for tumor forma-
tion by adding a second mutant Ras allele, we performed an
in-depth analysis comparing HH versus H and HK versus
K transcriptomes at the pathway level. Pre-ranked gene set
enrichment analysis (GSEA) was performed and sets with
adjusted P-values <0.01 were considered significantly per-
turbed; 68 and 38 gene sets were significantly perturbed in
the HH versus H and HK versus K contrasts respectively
(Supplementary Table S3, available at Carcinogenesis Online).
Those gene sets were grouped according to four main pro-
cesses/pathways (Figure 3C). The RAS/MAPK/AKT gene sets
(blue) were enriched in HH and HK compared to their non-
tumorigenic counterparts, reflecting the upregulation of RAS
signaling upon the addition of a second mutated Ras allele.
The same was also true for gene sets associated with NF-xB
and inflammation (orange). Unexpectedly, gene sets associ-
ated with cell cycle (beige) tended to be negatively enriched in
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Figure 3. K keratinocytes despite being non-tumorigenic share a large gene signature with HK and HH keratinocytes. (A) Clustered heatmap of the 100
most variable genes, by expression, across all samples. (B) Venn diagram depicting the number of differentially expressed genes in the HK versus K and
HH versus H keratinocytes. (C) GSEA analysis of pre-ranked gene sets with adjusted P-values < 0.01 were plotted as a bar graph of NES (normalized
enrichment score) and color coded according to their belonging to four main groups.
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HK versus K and were mixed in HH versus H. Proliferation
assays (Figure 1B) also indicated that double mutants did not
proliferate more than single mutants, indicating that in vitro
proliferation is not predictive of tumor formation capacity
of keratinocytes in vivo. The largest number and most con-
sistent gene sets negatively enriched in HH were related to
the matrisome/epithelial-to-mesenchymal transition (EMT)
group (green). The CORE_Matrisome collection contains
genes encoding core extracellular matrix (ECM) compo-
nents, including glycoproteins, collagens, and proteoglycans
(35). The same collection of matrisome-related gene sets
was also negatively enriched in HK compared to K (Figure
3C). Leading edge plots revealed the most differentially ex-
pressed genes contributing to the negative enrichment of the
matrisome collection in double versus single mutants (Figure
4A). Notably, keratinocyte expression of multiple collagen
genes and other ECM components (collagen 6, fibulin 3, slit 3,
and thrombospondin2) were reduced in double mutants rela-
tive to the corresponding single mutant, suggesting that ECM
remodeling by keratinocytes is critical for RAS-driven tumor
formation. In contrast, expression of genes involved in basal
cell attachment, such as a3, a6, and Blintegrins, were elevated
in the double mutants and K but not in H (Supplementary
Figure S5, available at Carcinogenesis Online).

BRAF inhibitor treatment potentiated the signal
strength and tumorigenicity of keratinocytes
expressing a single mutant Hras allele

The work of Terell et al. has shown that the limited engage-
ment of mutant HRAS with its downstream BRAF effector
can be paradoxically overcome by treatment with a BRAF
inhibitor (36). We asked if this treatment could alter the
transformation profile and tumorigenicity of H keratino-
cytes. Indeed, treatment of H keratinocytes with the BRAF
inhibitor PLX4720 potentiated the induction of Areg, Krt8,
and Dusp6 and accentuated the suppression of Kr¢10 expres-
sion, all markers of enhanced mutant HRAS potency. (Figure
5A). Coordinately, activation of ERK was increased (Figure
5B) and EdU incorporation was slightly elevated in H kera-
tinocytes treated with PLX4720 (Figure 5C) but the expres-
sion level of the Hras¢'?P allele was not changed by PLX4720
treatment (Figure 5D). Recovery from 7 days in differentiating
conditions (0.5 mM calcium) to resume proliferation after 2
days in proliferation medium (0.05 mM calcium), a response
associated with tumor formation, was very robust in PLX-
treated H cultures relative to untreated H cells (Figure SE).
When PLX-treated H cells were orthotopically grafted to
recipient nude mice treated with PLX at 20 mg/kg, papil-
lomas formed in 2 of 5 recipient mice after 21 days (Figure
SF), suggesting that PLX enhanced the signaling output of
a single mutant Hras allele to allow for tumor formation.
RNA-seq and GSEA analysis to compare H-PLX vs H gene
expression was performed with the same four collections used
earlier (Supplementary Table S3, available at Carcinogenesis
Online). The matrisome/EMT pathways were the most nega-
tively enriched gene set collection associated with the BRAF
inhibitor treatment (Supplementary Figure S6A, available
at Carcinogenesis Online). Examination of a selected list of
matrisome genes confirmed that the elevation to a tumori-
genic phenotype by PLX treatment of H keratinocytes was
also associated with their reduced expression (Supplementary
Figure S6B, available at Carcinogenesis Online).
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A single mutant Kras allele is tumorigenic when
expressed on a permissive genetic background

The observation that K keratinocytes did not form tumors, yet
clustered with the double mutants on the RNA-seq heatmap,
presented a conundrum. The background strain from which
keratinocytes are isolated strongly influences their neoplastic
phenotype in vitro and their tumor forming potential in vivo
as de novo tumors or orthografts (24,37,38). The C57BL/6
strain used here is the most suppressive. To address the pos-
sibility that the genetic background of K keratinocytes was
suppressing tumor formation in orthografts, C57BL/6 LSL-
Kras®'?P mice were backcrossed for 1, 2, and 3 generations
with the permissive FVB/N mouse strain. After activating the
mutant K allele in vitro, keratinocytes were grafted to nude
mice. Orthografts of N3 but not N1 or N2 keratinocytes
formed squamous papillomas (Figure 6A). The expression
level of the KrasVT and mutant Kras®'?P allele did not differ
in N1 or N3 K cultures of isolated keratinocytes (Figure 6B)
nor did phospho-ERK (Figure 6C). RNA-seq and GSEA ana-
lysis of pre-ranked gene sets with adjusted P-values <0.01
were plotted as NES of N3 versus N1 monitoring the same
four collections used earlier (Supplementary Table S2, avail-
able at Carcinogenesis Online). Cell cycle and Myc gene col-
lections were positively enriched on the FVB background
(N3 versus N1), while NF-kB and RAS/MAPK gene collec-
tions were negatively enriched (Figure 6D). As seen before,
the matrisome/EMT pathways were the most negatively en-
riched gene set collection associated with the acquisition of
tumorigenicity in N3 keratinocytes when compared to N1
(Figure 6D). Examination of leading-edge genes for the RAS/
MAPK pathway (Supplementary Figure S7A and B, available
at Carcinogenesis Online) illuminates the reduction in ex-
pression of genes such as DuspS, Dusp6, and Dusp9, which
are direct negative feedback regulators of MAPK signaling,
and Rasal and Mapkapk3, which integrate non-oncogenic
signaling, suggesting decreased expression of genes that have
an anti-oncogenic effect. Leading edge analysis of the ECM
receptor interaction pathway identified familiar reductions in
collagen genes and multiple laminin genes in the N3 versus
the N1 K keratinocytes (Supplementary Figure S7B, available
at Carcinogenesis Online). These results highlight the associ-
ation between the downregulation of ECM-related genes and
the tumorigenic potential of primary keratinocytes expressing
mutant Ras allele(s).

Discussion

Amplification of a mutant Hras allele and upregulation of
mutant Hras expression contribute to papilloma persistence
and progression (6,8,39). We have previously modeled this
using v-Ras™-transformed primary mouse keratinocytes to
elucidate individual cell-autonomous molecules and path-
ways whose deletion abrogates tumor formation. By this ap-
proach, we identified the essentiality of EGFR, IL-1, MyD88,
and CXCR2 signaling either upstream or downstream from
RAS for tumors to develop and a set of transformation-
associated markers (amphiregulin, keratins 1, 10, 8, IL-1a,
FOSL1, and CXCL1) (11,23,24,32). In the current study, we
sought to extend our findings to a system where mutant Ras
is expressed at physiological levels from endogenous loci,
which more closely reflects the pathological state of onco-
genic RAS-transformed cells as they exist in situ in initiated
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skin. We used keratinocytes isolated from C57BL/6 mice with
a conditional oncogenic Kras or Hras knock-in allele to per-
form orthotopic grafting and molecular studies to test tumor
forming potential and identify pathways associated with the
acquisition of tumorigenicity.

Increased oncogenic RAS signal strength remodels

the keratinocyte matrisome

Oncogenic signal strength was a prerequisite for cell-
autonomous tumor formation; only keratinocytes bearing
two mutant knock-in alleles (HH or HK) or some other form
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cell extract from WT and H cultures treated for 24 h with PLX4720. (C) EdU incorporation was measured under the same conditions described in A.

(D) Quantification of a Hras WT and Hras mutant (G12D) mRNA expression using droplet digital PCR. (E) Timeline of culture conditions H keratinocyte
cultures were transduced with Cre and kept for 5 extra days under proliferative conditions (0.05 mM Ca?*) then culture for 7 days under differentiating
(0.5 mM Ca?*) and returned to proliferative conditions (0.05 mM Ca?*) for 2 days prior to EdU addition. (F) Top, Representative photograph of orthotopic
graft at the interscapular site at collection time. H keratinocytes, 7 days after transduction with Cre recombinase and concomitantly treated with
PLX4720, were mixed with mouse primary dermal fibroblasts before grafting as described in the methods. Bottom, H&E staining of resulting squamous

papilloma. Scale bar is 200 pm.
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of H or K signal amplification formed tumors. Interestingly,
in vitro RAS-mediated stimulation of proliferation was not
predictive of in vivo tumorigenicity. Transcriptional profiling
also yielded clustering that placed K keratinocytes, though
not tumorigenic, with the tumorigenic HH and HK groups.
Surprisingly, the most distinguishing parameter that coin-
cided with tumor formation among the groups was reduced
expression of a cohort of genes that encode components of
the ECM (matrisome). While the ECM components produced
and secreted by keratinocytes are complex, our results are
particularly noteworthy for the association of tumor forma-
tion with the double Ras mutants and reduction in transcripts
for certain collagen components (Col6al, Col6a2, Col6a3,
Collal, Colla2, and Col3al) and other matrisome compo-
nents (Thbs2, Fibln5, and Bgn) as compared with the H or
K single mutants. We previously reported a unique reduction
in expression of the proteinaceous ECM gene collection in
tumorigenic keratinocytes transformed by activated MET,
which engages the RAS pathway through activation of EGFR
(11). Others have reported RAS/MAPK-driven reductions in
expression of matrisomal genes, including Col8a2, Col4al,
Serpinb4, Serpinb9, Lama$ and others, in mammary tumor
cells that is associated with enhanced tumor growth (40).
The composition of the matrisome is a major determinant of
tumorigenicity in multiple organ sites and shows organ spe-
cificity (41), but outside of this report and the MET study,
we have not identified any documentation of matrisomal
changes in keratinocytes transformed by oncogenic RAS.
These new results suggest that cell-autonomous modification
of matrisomal components by RAS activation is an unex-
plored effector pathway for RAS-mediated tumor formation.

Increased oncogenic RAS signal strength increases
gene expression of essential integrins

While remodeling of the matrisome was exclusively connected
to tumor formation, the double Ras mutants and K mutant
elevated the expression of essential integrin components a.3,
06, and B1 integrins. Along with 4 integrin, these receptors
bind to laminin components in the basement membrane and
are essential for basal cell attachment to the basement mem-
brane and to neighboring keratinocytes. It has been reported
that a3p1 is essential for the formation and maintenance of
skin papillomas in vivo and may represent a critical compo-
nent of the RAS repertoire of changes needed for tumor for-
mation in skin (42,43). Similarly, expression of 0634 integrin
is essential for keratinocyte attachment to substrates and a
critical indicator of papilloma progression (44,45). Together,
these integrins may enhance attachment to laminins in the in-
cipient tumor microenvironment iz vivo or in the wound bed
in the orthograft assay to facilitate tumor formation.

The requirements for tumor formation in
orthografts reflects de novo tumor formation

Gene dosage requirements have been well documented for
de novo skin tumor development in transgenic and knock-in
models. Expression of Hras®?V in transgenic mice produces
multiple developmental anomalies and early mortality but
surviving adults develop spontaneous skin papillomas, but
only in homozygote adults (46). Additionally, two mutant
alleles are required to produce an initiated phenotype when
LSL-Hras®"?V mice are crossed with K14-Cre transgenic
mice (47). A single Hras®'?Y mutant allele is unable to drive
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tumorigenesis in the skin using K15-, Lgr5-, or Lgr6-Cre to
drive activation (21). In contrast, papillomas form in mice har-
boring a single mutant Kras®'?P allele (48-51) after crossing
with skin-targeted transgenic Cre, a phenotype exacerbated
by the addition of gain-of-function mutant pS53R172H (52),
Unfortunately, the genetic background of the mice employed
in these studies is not always obvious. Thus, the specific Ras
mutation, the particular H or K allele, the genetic background
of the host, and the number of mutant copies all conspire to
support tumor formation (48). The suppressive or enhancing
function of a WT Ras allele has also been a consideration in
tumor formation. For example, a WT Kras allele cooperates
with mutant Hras to form papillomas in carcinogen-painted
skin, perhaps explaining the co-amplification of chromosome
6 (Kras) and 7 (Hras) during papilloma progression (53).
Similarly, the loss of one WT Hras allele reduces carcinogen-
painted skin tumor burden by half, while 83% of papillomas
erupting on Hrask®%0 mice harbor activating mutations in
Kras (54). In our study, a mutant Kras allele reduced the ex-
pression of the WT Hras allele and slightly reduced protein
levels, possibly reducing a signal needed for tumor formation
that was overcome by the expression of two oncogenic alleles.

Increasing oncogenic RAS signal strength in single
mutants restores tumorigenicity

We confirmed that several tumor initiation markers (Areg,
Krt1, Krt8, Krt10, and Cxcl1) that characterize keratinocytes
transformed by v-Ras™ are similarly induced by endogenous
Ras mutant alleles. A single Hras allele produced a weak
signal, with low MAPK activity, reduced activation of AP-1,
low expression of initiation markers, and transcriptional pro-
files most similar to WT keratinocytes. Such cells were unable
to prevent senescence or sustain growth under differentiating
culture conditions, analogous to papillomas that regress upon
withdrawal of tumor promoters in vivo (4). This may par-
tially explain the need for tumor promotion i vivo or other
processes for signal amplification such as gene duplication or
chromosome amplification in Hras-driven tumors. Indeed,
we found that tumor formation was restored when signal
strength deficiencies were reversed via BRAF inhibitor treat-
ment, which enhances MAPK activity by increasing the asso-
ciation of HRAS with ARAF and CRAF (36). The restoration
of tumor growth by the BRAF inhibitor in this study recap-
itulates the rapid eruption of benign skin tumors with Hras
mutations in human patients treated with BRAF inhibitors
for other cancers (55).

When we developed the orthograft model, we envisioned
that the capacity to form papillomas was a cell-autonomous
property of the donor tumor cells (56,57). In the current study,
K keratinocytes produced all the biochemical and molecular
parameters associated with tumor formation but did not form
tumors. We can now attribute this to cell-autonomous fac-
tors in the C57BL/6 genetic background that modifiy tumor-
forming ability despite the expression of many transformed
attributes. The C57BL/6 genetic background is well known
to be skin tumor-repressive, a feature often attributed to its
resistance to tumor promotion (37,38,57). By backcrossing to
the FVB/N background for only three generations, the ability
of keratinocytes bearing a single mutant K allele to form tu-
mors was restored. Thus, cell-autonomous genetic modifiers
alter tumorigenicity, which has implications for tumor sus-
ceptibility in patients carrying Ras mutations.
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This is the first study to define the remodeled matrisome as
a common feature of Ras-driven tumorigenesis in mouse kera-
tinocytes. Further, we show that Ras output can be modified
by the number of mutant alleles, with two being required for
tumor formation, but this can be circumvented by increasing
signal strength in single H mutants via BRAF inhibition and
transferring single K mutants to a permissive genetic back-
ground. Together, these data, gathered through modifying Ras
gene dosage and signal strength, have revealed nuances of RAS
transforming activity in keratinocytes and brought new insight
to understanding mouse skin carcinogenesis at the cellular level.
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