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Abstract

Interplay of opposing fate choices stalls oncogenic growth in skin epithelium

Madeline V Sandoval

Chair of the Supervisory Committee:
Slobodan Beronja

Division of Human Biology, Fred Hutchinson Cancer Research Center

Due to its exposed nature, skin is subject to continuous DNA damage and a high incidence of
oncogenic mutations. To ensure normal function it repairs or expels damaged cells. However, the
skin is also able to tolerate numerous long-lived oncogenic clones that can comprise a significant
portion of physiologically normal adult tissue, but how it does so is unknown. In highly
mutagenized skin, it is thought that oncogenic clones can compete with each other and stall one
another’s growth to maintain tissue structure and function. But how such tolerance is established
in the context of early, independently occurring single oncogenic events remains undiscovered. To

G12V

directly address this question, we induce Hras expression in single cells in the adult murine

epidermis and follow them long-term. Using a novel cell fate identification (CFI) assay that can

G612V induces an early and

directly quantify progenitor cell fate choice in vivo, we show that Hras
transient pro-growth effect driven by increased progenitor renewal. Ultimately, renewal yields to

progenitor differentiation, leading to stalled clone expansion. CFI allowed us to attribute this



dynamic effect on the emergence of two distinct populations within oncogenic clones, renewing
progenitors along the edge and differentiating ones within the central core. As clone expansion is
accompanied by progressive enlargement of the core and diminishment of the edge compartment,
the interplay between the two populations works to stabilize oncogenic growth. In order to identify
the molecular pathway that governs Hras®!?V-driven differentiation, we employ an shRNA-
mediated screen of Ras-effectors in vivo. The screen identifies Rassf5 as the top candidate, which
we further validate as a novel mediator that is both necessary and sufficient for oncogene-specific
progenitor differentiation. Our study provides evidence that the epidermis can tolerate an isolated

oncogenic event through a novel cellular mechanism of inter-clonal competition.
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Chapter 1—Introduction

1.1 Cell competition

Tissues are composed of an array of unique cell types. Individual cells, even those that are
homotypic, are non-identical, with differences in mitotic capabilities, signaling sensitivity,
location, etc. Cells have the ability to sense the fitness levels of their neighbors. This creates a
competition between cells that are intrinsically more fit than their counterparts, which ultimately
results in the removal of less fit but still viable cells. This elimination can be in the form of
extrusion, differentiation, senescence, phagocytosis or apoptosis. After the removal of the less fit
cell, the tissue compensates for its loss by hypertrophy or increased proliferation (Bowling et al.,

2019), making cell competition a phenotypically silent process (Figure 1).

1. Cells develap different fiiness levels This phenomenon was first observed in Drosophila
Minute mutants. Homozygous Minute mutations are lethal but
EE— E—
2. Cells sense fitness of neighboring cells . . X X
. . .@ ) heterozygous Minute mutations are viable, though the animals
_ _ develop more slowly. When less-fit Minute” clones were
3. Less fit cells are eliminated
initiated on a wild-type (WT) background, they were removed
S— S— from the tissue via apoptosis triggered by the surrounding WT
4. Remaining cells compensate for loss
] cells (Morata and Ripoll, 1975). Further study discovered that
I ) cells containing mutations in ribosome gene Rpl24 were
) wreen
PO outcompeted in developing mouse embryos (Oliver et al., 2004),

Figure 1: Cell competition induces the removal effectively expanding the cell competition field into
of cells with lower fitness
mammalian tissues. Cell competition has also been implicated in organ development. If Myc is

overexpressed in all cells in a developing Drosophila wing, the entire wing increases in size.

However, if Myc expression varies throughout the developing tissue, low-Myc expressing cells



will undergo apoptosis and high-Myc cells will compensate, resulting in the formation of a normal
sized wing (de la Cova et al., 2004).

Deleterious mutations are not the sole method of altering a cell’s fitness. Myc is an example
of this. A beneficial mutation would make the mutant cell able to out compete WT cells, rendering
the mutant population “super fit” (Bowling et al., 2019). This is seen in the clonal expansion of
mouse epidermal cells driven by mutant 7rp53 (Murai et al., 2018), and in the ability of dMyc
overexpressing cells to eliminate their WT neighbors and easily colonize Drosophila epithelium
(Moreno and Basler, 2004). Tissues have evolved mechanisms to identify and remove high fitness
cells. Mechanical stress-induced competition leads to the extrusion of live cells in human colon,
zebrafish and cultured Madin-Darby canine kidney (MDCK) cells (Eisenhoffer et al., 2012). This
observation suggests that cell extrusion, in the context of hyperproliferation of cells, can act as a
tumor suppression mechanism by correcting the over expansion of a mass of cells and returning
the epithelium to homeostasis. Additional work established that MDCK cells can identify a RasV!?
expressing cell and remove it from the epithelial sheet (Hogan et al., 2009), providing evidence of
a mechanism which enables WT cells to sense oncogene-expressing cells. This further establishes
cell competition as a method of hindering tumor growth.

However, cell competition can fail at eliminating cells with aberrant mitogenic potential.
Recent deep sequencing experiments discovered that physiologically normal, but aged, sun-
exposed skin contained numerous, diverse mutations. Of the cells sequenced, 25-50% contained a
lesion in a gene considered important for driving squamous cell carcinoma. A striking feature of
this surprising tolerance is mutant clones that persist in the tissue are both limited and uniform in
size, irrespective of a mutation’s proliferative ability (Martincorena et al., 2015). One explanation

for this observation is a model of inter-clone growth inhibition wherein the super fit mutant clones



compete with each other, thereby suppressing growth. (Bowling et al., 2019; Higa and DeGregori,
2019). This idea has been modeled in murine epidermis. Gain of function mutant p53 clones
expand extensively in naive epidermis. However, p53 clones do not grow as extensively in UV
exposed epidermis, implying that UV-induced mutations rendered the WT basal cells more able
to compete and thus impede p53 clone expansion (Murai et al., 2018).

The presence of numerous, oncogenic clones burdening a normal tissue was again observed
in the esophagus (Martincorena et al., 2018). Remarkably, the average number of mutations per
cell in the esophagus is about 1/10 that of sun-exposed skin, but there is a higher density of cancer-
causing mutations in esophagus compared to sun exposed skin. NOTCH1 was more frequently
mutated in normal esophagus than is seen in esophageal squamous cell carcinoma, leading the
authors to conclude that mutations which impede transformation may be beneficial to the tissue.

The multiclonal model of tumor-suppression and the idea of specific mutations, like
NOTCHI, preventing further transformation provide a model of how clone overgrowth can be
controlled via cell competition. What is lacking is a mechanism to explain how the growth of a
single clone can be constrained, an event that would occur many times in an exposed tissue such
as the skin. The purpose of this study is to understand how a tissue can tolerate individual
oncogenic clones. In order to investigate this question, we turn to the epidermis, a highly structured
and experimentally tractable tissue, to observe the interplay between WT and oncogene-expressing

cells.
1.2 Structure of the epidermis

Skin separates an organism from its external environment, functioning as a barrier to
pathogens, UV-damage, physical trauma, dehydration, and temperature fluctuations. This organ is

composed of two layers, the dermis and the epidermis (Figure 2). The dermis consists of muscle,
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fat, nerves, blood vessels, and fibroblasts. The epidermis is comprised of epithelial cells organized
in a proliferative basal layer and several stratified layers of differentiated cells. These layers
(stratum  spinosum and stratum

granulosum), though non-dividing are

— Suprabasal layer

| Basal layer transcriptionally active and express

unique markers such as keratin 10

— Dermis

(K10) and Involucrin. The cells of the

outer most layer of the skin (stratum

Figure 2 The basement membrane separates the epidermis from the dermis. The
epidermis is composed of two populations: the basal cells (proliferative) and the corneum) express the terminal
suprabasal cells (non-proliferative).

differentiation maker Filaggrin and are dead. Interspersed in the interfollicular epidermis (IFE) are
numerous hair follicles. Though keratinocytes make up both the IFE and hair follicles, these two
regions are still structurally and physiologically distinct (Gonzales and Fuchs, 2017).

The hair follicle has been extensively studied as a prime example of stem cell activity. Hair
follicle stem cells reside in the bulge, a region located in the upper segment of the follicle (Myung
and Ito, 2012). These stem cells are relatively quiescent (Sotiropoulou and Blanpain, 2012) and
multipotent—giving rise to all epidermal lineages (Oshima et al., 2001; Rochat et al., 1994). The
hair follicle undergoes complete restructuring as it moves through the phases of the hair cycle.
After a period of quiescence (telogen), cells in the hair germ are activated along with bulge stem
cells and begin to proliferate and extend the hair follicle (Levy et al., 2005; Morris et al., 2004;
Rompolas et al., 2012). This growth phase (anagen) is followed by differentiation wherein the
bulge stem cells primarily contribute to the formation of the outer root sheath. The cells of the

inner root sheath continue to proliferate and differentiate, eventually forming the hair shaft.

Following this growth phase, hair follicle cells undergo apoptosis, leading to the regression of the
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structure (catagen) (Lindner et al., 1997). The follicle then enters telogen, and cell activity stops
until the next cycle.

In contrast to relying on long lived quiescent cells to maintain progenitor identity, the IFE
is composed of progenitor cells, though there is debate over their organization, maintenance, and
cellular potency. It is known that progenitors give rise to the differentiated keratinocytes lying
superior to the basal layer, and this process of progenitor renewal and differentiation is tightly
controlled in order to maintain the integrity of the epidermis. Numerous studies propose that IFE
progenitor cells are equipotent, dividing and differentiating stochastically (Clayton et al., 2007;
Doupe et al., 2010). Live imaging of progenitor cell division and differentiation suggests that
progenitor division is initiated based on delamination of nearby cells. Overall, the link between
cell fate and cell division is balanced in order to maintain epidermis homeostasis. (Mesa et al.,
2018; Rompolas et al., 2016). This allows the IFE to be self-sustaining but if wounded, HF stem
cells can contribute to repopulation, but do not persist in the region and are eventually removed
(Ito et al., 2005; Tumbear et al., 2004).

Conversely, there is also evidence of a stem cell hierarchy in the IFE. When using genetic
lineage tracing via a K14 promoter and an Involucrin promoter, two distinct classes of stem cells
were revealed: slow-cycling stem cells and committed progenitor cells. It appears that the slow-
cycling stem cells give rise to committed progenitor cells and specifically express markers
associated with IFE progenitor cells such as a6 and 1 integrins. Furthermore, the slow-cycling
and committed progenitor populations contribute to wound healing in different manners (Mascre
et al., 2012; Sada et al., 2016). These findings bring the notion of equipotent epidermal progenitor
cells into question, thus further study is needed to resolve the hierarchical identities of IFE

progenitor cells.
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1.3 Molecular mechanisms of progenitor cell maintenance

Perhaps the key feature of stem cells is the ability to maintain a pool of undifferentiated
cells while also giving rise to differentiated progeny. In the epidermis, all basal cells express p63
whereas differentiated cells do not express p63. (Yang et al., 1998). p63 knockout animals do not
completely form various squamous epitheliums including the esophagus, part of the stomach, and
the skin. Specifically, the epidermis of p63 knockout animals is undeveloped and lacks skin
derived appendages such as hair follicles, sebaceous glands, and mammary glands, delineating the
significance of this gene in epithelial development. Moreover, epidermis that lacks p63 expression
does not initiate keratin 5 (K5) expression during development, implying that p63 is relevant to
basal cell identity. (Parsa et al., 1999; Yang et al., 1999). Another component of progenitor identity
is expression of adhesion molecules. Basal cells attach to the basement membrane via integrins
a6PB4 and o3PB1 (Watt and Jones, 1993). Cross-linking integrins inhibited differentiation of
cultured keratinocytes (Adams and Watt, 1989). Integrin 4 also contributes to basal cell
proliferation (Nikolopoulos et al., 2005). These individual components work together to ensure
progenitor maintenance and proper function.

In order to produce differentiated daughter cells, progenitor cells often undergo asymmetric
divisions, with one daughter remaining a progenitor and the other inheriting asymmetrically
localized cell contents, creating a daughter cell which has a nonidentical renewal/differentiation
potential. In Drosophila neuroblasts, the mechanism of asymmetric division is direct. These neural
stem cells are structured with an apical and a basal side, and the orientation of the mitotic spindle
determines the fate of the two daughter cells. This intrinsic polarization assists in apically
localizing specific proteins such as Par-3, Par-6, and aPKC (Goldstein and Macara, 2007; Suzuki

and Ohno, 2006). These factors orient the mitotic spindle and help to segregate fate determinants
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like Numb. Numb inhibits differentiation by repressing the Notch pathway (Le Borgne et al., 2005;
Schweisguth, 2004). In Drosophila neuroblasts, if a daughter cell inherits Numb, renewal
processes are suppressed, and the cell differentiates into a ganglion mother cell.

An alternate method of generating asymmetric fates is to position cell division so that only
one daughter cell retains a connection with the stem cell niche, thus maintaining the ability to
renew. The Drosophila ovary stem cell niche contains 2-3 germline stem cells that are surrounded
by cap cells. These cap cells secrete BMP ligands (Gpp and Dpp), which cause the transcriptional
repression of Bam. When a daughter cell leaves the niche, it begins to express Bam, which in turn
antagonizes stem cell renewal pathways and differentiation commences. The formation of a niche
to control stem cell fate can provide a degree of maneuverability in stem cell identity and is more
often found in adult animals (Knoblich, 2008).

Asymmetric division is a vital mechanism during development because it is the method
that basal cells use to stratify the epithelium beginning at embryonic day 13.5 (E13.5) (Lechler
and Fuchs, 2007). Some of the events that coordinate oriented divisions in Drosophila are
conserved in the mouse. In murine epidermis, asymmetric cell division machinery localizes to the
apical side of the cell. Apical/basal polarity is determined by Par3 interaction with the mInsc/Pins
complex. mInsc/Pins recruits Gois, which then complexes with LGN (Williams et al., 2014). LGN
and NuMA interact to direct the orientation of the mitotic spindle in embryonic epidermis
(Williams et al., 2011). When LGN is knocked down, keratinocytes preferentially undergo
symmetric divisions and stratification of the epidermis is inhibited, however, cell polarity is
maintained. Loss of LGN inhibits Notch activity, implying that asymmetric cell division and Notch
work in a unified pathway to promote epidermal differentiation (Williams et al., 2011). A

definitive, asymmetrically inherited cell fate driver has yet to be discovered in keratinocytes,
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though Numb has been shown to be asymmetrically partitioned between daughter cells (Clayton

et al., 2007), pointing to the importance of Notch signaling in keratinocyte differentiation.

,! | ®» | & symmetric
renewal
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Figure 3: Progenitor cells of the epidermis undergo three types of division: symmetric
renewal, asymmetric division, and symmetric differentiation. The growth potential of the
epidermis changes based on the predominate division type.

The  balance  between
renewal and differentiation is
crucial in producing differentiated
cells and in establishing a progenitor
pool, thereby maintaining
homeostasis in the epidermis.
Because differentiated

keratinocytes are not mitotically

active and progenitor basal cells are, an asymmetric division will have a neutral effect on the

growth potential of the tissue. Conversely, a symmetric renewing division will increase the size of

the progenitor pool, thus increasing the renewal potential of the epidermis, while a symmetric

differentiation division will decrease growth potential of the tissue (Tomasetti and Levy, 2010).

This idea is important when considering normal and oncogenic growth because cells do not need

to simply proliferate to develop into a tumor; they also need to renew in order to persist in a tissue.

The balance between renewal and differentiation in conjunction with proliferation is what can turn

a benign mutagenic event into a problematic clone, and how a tissue responds to these clones can

stall or encourage tumorigenesis. It is this balance between renewal and differentiation that this

study will closely analyze in order to understand oncogenic clone growth dynamics within the

epidermis.

1.4 Cell behavior and the microenvironment
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Cell behavior expands beyond cell-autonomous factors. The microenvironment of a cell
can influence its function and fate. Cell differentiation is a tightly controlled but also a very fluid
process (Blau and Baltimore, 1991; Nelson and Bissell, 2006). Evidence of this idea lies in the
observation that ectodermal fates are mediated by mesodermal cues. It follows that mouse
embryonic mesoderm recombined with mouse embryonic ectoderm causes the ectoderm to form
normal hair follicles. However, in a striking observation, corneal epithelium from a chick
recombined with mouse mesoderm induces feather development (Coulombre and Coulombre,
1971). Further research revealed this plasticity can be seen in adult cells, which are often thought
to undergo irreversible fate choices. In a significant study, mammary epithelium recombined with
mammary mesenchyme yielded normal mammary trees, but when mammary epithelium and
salivary mesenchyme were recombined, the structure resembled a salivary tree (Sakakura et al.,
1976), pointing to the fluid nature of adult cell differentiation states and the importance of a cell’s
environment in influencing its behavior.

The interplay of mesenchymal/ectodermal signaling can be observed in the skin. The hair
follicle, which is derived from the ectoderm, needs cues from the dermal papilla—a mesenchymal
structure—to continue through the hair cycle. Laser ablation of the dermal papilla arrests hair
growth (Rompolas et al., 2012). Furthermore, signals from the circulatory system lead to hair cycle
progression. When angiogenesis is inhibited, anagen is stalled (Mecklenburg et al., 2000). Another
interaction occurs between the hair follicle and the arrector pili muscle. The osf1 integrin ligand,
nephronectin, is produced by bulge stem cells. Accumulation of this factor in the basement
membrane adjacent to the bulge leads to the recruitment of asf1* dermal cells. After interaction of
asPi’ and nephronectin, the dermal cells begin to express smooth muscle actin, a marker for

arrector pili muscle (Fujiwara et al., 2011). Thus, an appendage of the epidermis, the hair follicle,
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leads to the development of a mesenchymal tissue, the arrector pili muscle. This highlights the fact
that a cell’s behavior is dependent on its own cell-autonomous cues but also on those from its
surrounding environment.

The microenvironment is important in development and maintenance of epidermal
structure and function but also affects cancer cells. When carcinoma cells were injected into
normal blastocytes, the resulting adult mice had evidence of the original cells derived from the
carcinoma but their tissues were physiologically normal (Mintz and Illmensee, 1975), indicating
that transferring an aggressive cancer cell to a normal environment can alter its oncogenic abilities.
In another observation, mammary tumor cells differentiated if exposed to normal embryonic
mesenchyme (DeCosse et al., 1973), providing another example that cancer cells respond to cues
from surrounding normal tissues. The present study seeks to understand how the epidermis
responds to the growth of a single oncogenic clone. It is therefore important to consider not only
the interactions of the homotypic population of basal cells but also cues from the surrounding

heterotypic cells.
1.5 Oncogenic growth in the epidermis

There is evidence that the epidermis can ameliorate oncogenic growth, removing cells with
high fitness and returning the tissue to homeostasis. Activating -catenin in hair follicles leads to
aberrant growths, but these protrusions permanently regress over time (Brown et al., 2017).
Oncogenic growth can also be suppressed via differentiation. When activating the commonly
mutated PI3K-AKT pathway in murine epidermis using oncogenic Pik3ca, the resulting clones,
though more proliferative than wild type cells underwent symmetric differentiation. The result was
the population of progenitor cells shrank due to daughter cells differentiating (Ying et al., 2018).

Because the oncogenic clones were abolished in both of these studies—the B-catenin growths
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regressed and the Pick3ca clones underwent differentiation to such as extent that they were lost—
the mystery of how the epidermis can control the growth of a single, persistent clone remains.

In order to answer this question we utilized a model based on oncogenic Ras, a well-studied
and highly relevant oncogene. Activating mutations in Ras genes, encoding Kras, Nras and Hras,
are commonly mutated in cancer (Fernandez-Medarde and Santos, 2011) and have been shown to
evade rapid removal, as seen in oncogenic mutations of B-catenin and Pik3ca. Ras is membrane
associated and functions in receptor tyrosine kinase (RTK) signaling, which broadly regulates a
myriad of cell processes. When active, Ras is bound to guanosine triphosphate (GTP), and when
inactive, Ras is bound to guanosine diphosphate (GDP). This switch between active/inactive states
is regulated by GTPase activating proteins (GAPs) and guanine nucleotide exchange factors
(GEFs). Specifically, GEFs assist in Ras releasing GDP, thus allowing Ras to bind GTP, a reaction
that is accelerated by GAPs. Mutations in codon 12 of Ras are relevant in cancer. It is theorized
that mutating codon 12 renders Ras unable to complex with GAP, making Ras unable to hydrolyze
GTP (Scheftfzek et al., 1997).

There are numerous Ras effectors which regulate a myriad of cell processes. Perhaps the
best studied are Raf kinases which carry out Ras-Raf-Mek-Erk signaling, thereby promoting cell
cycle progression. This pathway has been shown to inhibit differentiation in keratinocytes (Dajee
et al., 2002). Ras signaling through another effector, phosphoinositide 3-kinase (PI3K) eventually
leads to activation of Akt, which is key in fulfilling the survival characteristics of Ras. PI3K is also
important in development and tumor maintenance. Mice with PI3Ko mutations, which render the
protein unable to bind Ras, experience high mortality rates early in life, and those that do live to
reach maturity have defective circulatory and lymphatic systems. (Castellano et al., 2013; Gupta

et al., 2007). An additional Ras effector contributes to cell survival. Ras activation of Ral proteins
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leads to the downstream inhibition of Foxo transcription factors, which promote cell cycle arrest
(Downward, 2003).

In this study, we use oncogenic Hras (Hras%!2") which induces clones within the IFE that
not only persist but can develop into papillomas (Beronja et al., 2013). Hras is a main target in
chemically-induced skin carcinomas (Quintanilla et al., 1986) and is mutated in many cancers,
including 16-25% of cutaneous squamous cell carcinomas (Balmain and Pragnell, 1983; Dotto and
Rustgi, 2016; Karnoub and Weinberg, 2008). Hras®!2V activation in murine hair follicles causes
malformed structures to develop, but they are corrected after completion of the hair follicle cycle,

G12V activation (Brown et al., 2017). Taken together,

indicating that the epidermis responds to Hras
Hras is a relevant oncogene that has longevity in the IFE, which makes it a favorable gene to study
in order to understand clonal dynamics in the epidermis.

To detect cell fate choices within clones, we employ a novel cell fate identification assay
(CFI). We follow expanding Hras%!2V clones and describe the changes in cell fates, which lead to
heterogeneity in an oncogenic clone. This ultimately causes a dramatic change in renewal of the
entire clone. We utilize a genetic screen to determine which Ras effector promotes differentiation
and identify Rassf5 as a candidate. Finally, we show that over expression of Rassf5 leads to

GI12V ;

increased differentiation and inhibition of Hras induced growth.
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Chapter 2—Materials and methods

Animals. All mice were on a C57BL/6 or a C56BL/6-Tyr*? background including, Hras®!/?"/6¢12V
(Chen et al., 2009), Tg(KI4-cre)lEfu (Vasioukhin et al., 1999), Gt(Rosa)26Sor™!(€VFF)Cos+
(Jackson Laboratories), and Gt(ROSA)26Sor™#ACTB-tdTomato~-EGFO)Luo (Jackson Laboratories). All
animal experiments were conducted under approved IACUC protocols. Mice were housed and
cared for in an AAALAC-accredited facility at Fred Hutchinson Cancer Research Center. Female
and male animals were used in equal numbers. Randomization and blinding were not used in this

study.

Cell fate identification assay. EdU (5 mg/mL, Santa Cruz) was administered via intraperitoneal
injection to adult animals followed 2 hrs later by BrdU (10 mg/mL, Thermo Fisher). Animals were
euthanized 24 hours after EAU injection. Head skin was removed and samples were incubated in
30mM EDTA overnight at 4°C and then for 2 hours at 37°C to separate dermis from epidermis.
The epidermis was then gently separated from the dermis by scrapping with a scalpel, fixed for
1 hr in 4% PFA/PBS (Fisher), followed by incubations for 1 hr in 0.5% Triton/PBS (Sigma)
and then 1 hr in blocking buffer (1% BSA, 1% Gelatin, 2% normal goat serum, 0.5% Triton in
PBS). Next, tissues were incubated with primary chicken anti-GFP antibody overnight at 4°C
(to label transduced clones), and then processed for EAU expression using Click-iT technology
(Invitrogen) according to the manufacturer’s instructions. This was followed by a 15-minute
treatment in 2N HCL (Thermo Fisher) at 37°C to denature DNA and two washes in 0.1 M
sodium borate/H,O, pH 8.5. Following this quenching step, tissues were incubated in anti-
chicken secondary (1:2000, Invitrogen) for 1 hr. After incubation in M.O.M. buffer (Vector

Labs) for 1 hr, tissues were processed for BrdU detection, stained with 4,6-diamidino-2-
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phenylindole (1:2000, DAPI; Life Technologies), and mounted in ProLong Gold (Invitrogen).
Images were collected using a Zeiss LSM700 system with a Plan-Apochromat 40X/1.4 oil
objective. In order to create images with enough detail to accurately score division type, Z-
stacks, spanning the full thickness of the epidermis, with 1 pum slice intervals were generated.
Fates were scored by determining daughter cell location (basal or suprabasal layer) and

morphology (cuboidal or squamous.)

Cell cycle interval assay. Mice were injected with EAU (5 mg/mL, Santa Cruz), followed by BrdU
(10 mg/mL, Thermo Fisher) two hours later. Tissues were then prepared for wholemount confocal
imaging 24 hours post BrdU injection. By focusing on EdU+ only cells, we can quantify the
number of cells which have completed the cell cycle within the 2 hr time frame. To calculate cell
cycle division interval, we refer to EQU+ only cells as E£. Each E division results in two daughter
cells. Thus, the number of dividing cells in a given time frame is (£/2). Because only epidermal
basal cells are mitotically active, we define the fraction (F) of basal cells which divide within a
given time frame (2 hrs) to produce £ daughter cells as F' = (E/2)/(total basal cell number). We
used this figure to extrapolate average cell cycle length (in hours) of the entire basal population (L)
using the following ratio: L/1 = 2 hrs/F. We analyzed cell cycle progression and found no

differences in the length of S-phase between WT and mutant cells (Ying et al., 2018)

EdU-BrdU pulse-chase differentiation assay and renewal rate quantification. Mice were first
injected with EAU (5 mg/mL, Santa Cruz), follow by BrdU 2 hrs later (10 mg/mL, Thermo Fisher ).
Tissues were processed 6 hours after BrdU injection. This allows for an EdU only population

which has sufficient time to complete S-phase, divide, and differentiate (Ying et al., 2018). The
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majority of cells divide, with only a small number (3.8%) halting their progress in G2 phase. The
skin was then embedded in OCT. After sectioning, tissues were fixed in 4% PFA/PBS (Fisher),
washed in 0.1% Triton/PBS (Sigma-Alrich) followed by incubation for 1 h at room temperature
in blocking buffer (1% BSA, 1% Gelatin, 2% normal goat serum, 0.5% Triton in PBS). Tissues
were processed for K10 detection (905401, 1:1000, BioLegend) and then processed for EAU
expression using Click-iT technology (Invitrogen) according to the manufacturer’s instructions.
This was followed by incubation in 2N HCL (Thermo Fisher) for 30 minutes at 37°C to denature
DNA, and two washes with 0.1 M sodium borate/H,O (Carolina), pH 8.5 for 15 minutes. Tissue
sections were then incubated in M.O.M. buffer (Vector Labs) for 1 h and processed for BrdU
detection followed by mounting in ProLong Gold (Invitrogen). Slides were imaged using a
Zeiss LSM700 system with a Plan-Apochromat 40X/1.4 oil objective. Rate of renewal was
calculated using the following formula: rate of renewal = (EdU+/K10- cells) / (total number of

EdU+ cells).

Proliferation assay. Head skin was processed using the CFI assay protocol, described above. To
determine proliferation rate, we calculated the proportion of EdU+ progenitor cells within

transduced clones.

Immunofluorescence. The following primary antibodies were used: chicken anti-GFP
(ab13970, 1:1000; Abcam); mouse anti-BrdU (MoBU-1, 1:100; Invitrogen); rabbit anti-K10
(Poly19054, 1:1,000 BioLegend); rabbit anti-RFP (6000-401-379, 1:1000; Rockland), rat anti-
Nidogen (sc-33706, 1:1000; Santa Cruz Biotechnology). 8 um tissue sections were fixed in 4%

PFA/PBS (Fisher) for 15 minutes, washed 3x in PBS and then permeabilized in 0.1% TritonX-
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100 (Sigma-Aldrich) for 15 minutes. Tissues were then incubated for 1 hr at room temperature
in blocking buffer (1% BSA, 1% gelatin, 2% normal goat serum, 0.1% Triton) and then in
primary antibody overnight at 4°C. Tissues were then incubated at room temperature for 1 hr
with secondary antibody and mounted in ProLong Gold (Invitrogen) with or without 4,6-
diamidino-2-phenylindole (DAPI; Life Technologies). Confocal images were taken on a Zeiss
LSM700 system using a Plan-Apochromat 40X/1.4 oil objective. Image processing was done

using Zeiss Zen and Imagel software.

Cell packing quantification. Head skin was prepared for whole-mount confocal imaging. Images
were collected using a Zeiss LSM700 system with a Plan-Apochromat 40X/1.4 oil objective.
Clone area was measured using ImagelJ. Cell density was calculated using the formula: clone

density = (# basal cells / clone area).

Clone morphology and circularity quantification. Head skin whole-mounts were imaged on a
Zeiss LSM700 system with a Plan-Apochromat 40X/1.4 oil objective. Using ImageJ, clone
outlines were traced and an ellipse was fitted to each clone, using ImageJ software. The
perimeter and area of the ellipse was measured using ImageJ. Circularity was calculated using

the following equation: circularity = 4n(area / perimeter?).

Western Blot. Head skin from E18.5 animals was incubated in 2mg/mL dispase (Thermo Fisher
Scientific) at 37°C for 1 hr to separate dermis from epidermis. The epidermis was then digested in

RIPA buffer with phosphatase and protease inhibitor cocktails (Santa Cruz Biotechnology) for 30
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minutes on ice followed by sonication. Supernatants were assayed for protein concentration using
the Pierce BCA Protein Assay Kit (Thermo Fisher). Western blotting was performed using a
Novex system (Invitrogen). Membranes were incubated with primary antibody overnight and then
incubated with HRP-conjugated secondary antibodies (1:2000, Jackson Immunoresearch) for 1 hr
at room temperature. Membranes were developed using SuperSignal West Femto Maximum
Sensitivity Substrate (Thermo Fisher). Chemiluminescent signals were detected using an Odyssey
Fc system (LI-COR). The following primary antibodies were used: rabbit anti-Norel A (PAS17071,

1:1000; donated by G. Clark), mouse anti-GAPDH (60004-1-Ig, 1:2000; Proteintech).

In vivo genetic screens. Head skin of E18.5 mice was collected and digested in 2mg/mL dispase
(Thermo Fisher Scientific) at 37°C for 1 hr to separate dermis from epidermis. Epidermal tissue
was then digested in 0.25% trypsin (Life Technologies) for 30 minutes to isolate single cells. Cells
were labeled with CD491/as-integrin-PerCP (1:50; BioLegend) and purified using fluorescence
activated cell sorting (FACS) using BD FACSAria II (BD Biosciences). Genomic DNA was
extracted using DNeasy Blood & Tissue Kit (Qiagen). Barcode pre-amplification, sequencing and

data processing using the Deseq2 program were performed as previously described (Ying et al.,

2018).

Lentiviral constructs. A mouse Rassf5 expression construct (Addgene) was cloned into
tdTomato-C1 vector at EcoRI/Smal sites. Rassf5-tdT was then cloned into a modified pLX Cre
EF1 vector (Ying et al., 2018) using the Zero Blunt TOPO kit (Invitrogen). RNA interference-

mediated gene depletion was achieved using pLKO1 shRNA vectors from the mouse TRCI1.0
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shRNA library (Sigma-Aldrich). pPLKO-Cre vectors were used to generate Cre-shRNA expression

constructs (Beronja et al., 2013; Beronja et al., 2010).

Lentiviral production. 293FT cells were transfected using the calcium phosphate method with
pLKO.1, pMD2.G and psPAX2 (Addgene). After 48 hrs viral supernatant was collected and
filtered using a Stericup-HV PVDF 0.45um filter (Millipore). Concentration was carried out in
two steps: first using a Centricon Plus-70 100 KDa centrifugal filter (Millipore) and second by

ultracentrifugation. Virus was reconstituted and then injected into E9.5 embryos.

Ultra-sound guided in-utero injections. Pregnant females carrying E9.5 embryos were
anesthetized with isoflurane (MWI Veterinary Supply Company) and injected as previously
described (Beronja and Fuchs, 2013; Beronja et al., 2010). Each embryo was injected with ~1ul of
lentivirus. A max of six embryos were injected per litter. Females were monitored for 30 minutes

after the surgery to ensure recovery.

mRNA quantifications. Total RNA was isolated from cultured keratinocytes or from E18.5
FACS-sorted epidermal cells using RNeasy Plus Mini Kit (Qiagen). Complementary DNA was
generated from 1 pg of total RNA using the iScript Reverse Transcription Supermix (Bio-Rad).
Quantitative PCR was performed with SYBR Green PCR Master Mix (Thermo Fisher) and with

gene specific and Rpl16 control primers.
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Intravital imaging using two-photon microscopy. An LSM 780 multiphoton, laser scanning
confocal microscope (Zeiss) was used in intravital imaging. Details of the technique have been
previously described (Rompolas et al., 2013). Mice were anesthetized and further immobilized
using a custom device so that the head skin could be imaged without interfering vibrations. GFP

and Tomato signals were excited and captured using a 940-nm laser.

Papilloma growth quantifications. Control and Hras%!?V animals were transduced with LV-Cre
containing constitutively expressing shRNA against scrambled control or test Rassf5 shRNAs.
Transduction was confirmed at p21 via Cre-reporter activation and animals were monitored for 12
weeks. Papillomas were scored positive when larger than 3 mm in diameter and were measured
weekly along their long and short axis using a digital caliper. Papilloma volumes were calculated
using the formula V=(p/6)x(LxWxD) (Tomayko and Reynolds, 1989), normalized to initial

papilloma volume, and expressed as fold-change over time.

Statistical information. All experiments were performed at least in triplicate, and all quantitative
data are expressed as mean + standard deviation. Differences between conditions were analyzed
in Prism 7 (GraphPad Prism) using Student’s t-test. Significant differences were considered when

p value <0.05.
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Chapter 3—Expression of activated Hras promotes progenitor cell renewal

in adult skin epithelium.

3.1 Intra-vital imaging quantifies renewal rate in individual progenitor cells

In order to explore the immediate effect of single cell activation of a potent oncogene on
progenitor cell fate, we employed an Hras'ox"T=stop-lox-GL2V ( Hyqg!-G12V): Rosa26™7™C (R26) mouse
(Figure 4A) (Chen et al., 2009; Muzumdar et al., 2007). We transduced the epidermis of mid-
gestation embryos, using ultrasound-guided intra-amniotic injection (Beronja et al., 2013; Beronja
et al., 2010), with lentivirus containing inducible Cre-recombinase (LV-CreER) at clonal density
(Figure 4A). This model allowed for: (i) Tamoxifen-induced recombination in the adult epidermis,
at a dose determined to result in sporadic single cell activation events; (ii) expression of an
oncogenic form of Hras (Hras®!?V) from its endogenous promoter, ensuring both physiological
mRNA/protein levels and regulatory control; and (iii) stable labeling of activated cells by Cre-
mediated replacement of membrane-associated (m) Tomato fluorescent protein with mGFP
(Figure 4A). We induced recombination at postnatal day 19 (P19) and imaged tissues 48 hours
later, allowing sufficient time for individual progenitor cells to divide and for the resulting two
daughter cells to commit to either basal progenitor or suprabasal differentiated cell fate (Figure
4B,C) (Ying et al., 2018). Using intravital two-photon microscopy (Rompolas et al., 2013) we
were able to image through the full thickness of the epidermis, identify the differentiation state of
each of the two daughter cells derived from a single activated cell at P21, and score every
progenitor cell division that occurred as either symmetric renewal, asymmetric division, or

symmetric differentiation (Figure 4C,D).

Analysis of control (R26) head skin epidermis showed that asymmetric divisions, once

considered the predominant division type of epidermal progenitors, occurred in approximately 44%
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of cases, and that symmetric renewal was nearly perfectly balanced by symmetric differentiation
(29% vs. 27%) (Figure 4E). In contrast, we observed a striking change in progenitor division type

G12V " with a significant increase in symmetric renewal (48%) and a

following expression of Hras
significant decrease in symmetric differentiation (10%) (Figure 4E). We used the observed
frequency of cell division types in control and oncogene-expressing epidermis to calculate the rate
of progenitor renewal, which measures the proportion of new daughter cells that maintain
progenitor potential (Ying et al., 2018). Epidermal progenitors in the control tissue had a renewal
rate of ~0.5 (Figure 4F). Such a rate is expected to maintain a stable population of basal progenitors

G12V_expressing progenitors showed higher

long-term and ensure neutral tissue growth. Hras
renewal rate of 0.69, which implies that oncogenic Hras, unlike single cell expression of activated
Pik3ca (Ying et al., 2018), promotes progenitor cell renewal. It also suggests that in contrast to
Gl2v_

loss of cellular fitness we observed in oncogenic Pik3ca epidermis (Ying et al., 2018), Hras

expressing progenitors could support expansion and long-term maintenance of oncogenic clones.
3.2 Hras®'?" growth is inhibited by unknown mechanisms

Apoptosis and senescence were not significantly different between wild type and oncogene

G12V cells have faster renewal and proliferation rates

expressing epidermis (Figure 5A,B), but Hras
(Figures 4F,5C), which we hypothesize leads to rapid expansion of Hras®!?V clones. We tested this
by direct imaging and quantification of basal cells in control and Hras®!?V-expressing clones at 24
weeks (Figure 5D,E). At this time point, Hras®!2V clones are significantly larger than WT clones
but smaller than expected, which suggests that additional mechanisms of growth suppression are

G12V

at play to curtail growth potential of Hras progenitor cells.
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Figure 4 Hras®!'?V induces progenitor cell renewal in single cells. (A) Schematic of Hras and
R26 mice. Hras"°'?" mouse changes expression of WT-Hras allele to mutant-Hras allele upon
addition of Cre. R26 mouse changes expression of mTomato to mGFP after Cre activation. CreER
expression is induced by tamoxifen. (B) Schematic of single cell induction and imaging
experiment. (C) Epidermal progenitor cells can undergo three distinct division types. (D)
Representative images of basal progenitor cell divisions in Cre-activated R26 epidermis captured
using intra-vital imaging. Scale bar is 10 um. (E) Quantification of division choices of single cells

in adult epidermis. (F) Rate of renewal significantly increases in single Hras%!2Y

progenitor cells.
For E,F statistics were based on n=3 animals for each condition; the center line represents the

mean; errors bars represent the s.d. Two-tailed Student’s t-test was used. **** denotes p value

<0.0001
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Figure 5 Additional mechanisms are required to stall oncogenic growth. (A) Quantification of
caspase 3" cells in E18.5 epidermis. (B) Quantification of B-galactosidase associated cells in E18.5
epidermis. (C) Quantification of average time between consecutive cell division events in adult
WT and Hras®!?V epidermis. (D) Representative images of basal cells of WT and Hras%!'?V clones
at 24 weeks. Scale bar is 10 um. (E) Quantification of basal cell numbers in WT and Hras®!2V
clones at 24 weeks. For (A-C) statistics were based on n=3 animals for each condition. For (E)

statistics were based on 20 clones from n=3 animals. The center line represents the mean and errors
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bars the s.d. Two-tailed Student’s t-test was used. n.s. denotes not significant. * denotes p value

<0.05; **** denotes p value <0.0001
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Chapter 4—Novel cell fate identification assay describes heterogeneity in
oncogenic clones

4.1 Development of an assay for quantification of progenitor cell fates in vivo.

Next, we set to determine if high proliferation and renewal rates were sustained in Hras%!2V

clones over time. While proliferation could be measured using standard approaches, a simple and
broadly accessible assay that can directly score progenitor cell fate choice was lacking. We
recently employed an EQU/BrdU differentiation assay (Ying et al., 2018) that allowed us to analyze
progenitor daughter cells as a population and estimate tissue renewal rate based on their relative
expression of differentiation marker Keratin 10 (K10). Here we modified this approach to develop
a cell fate identification (CFI) assay, which allows us to classify each progenitor cell division event

as asymmetric, symmetric renewal or symmetric differentiation.

We first gave animals a pulse of EdU then processed the tissue for standard confocal
imaging 30 minutes later (Figure 6A). We observed EAU™ labeling of single cells throughout the
tissue that was restricted to the progenitors in the K10~ basal layer (Figure 6B). Following the EAU
pulse with administration of BrdU 2 hrs later (Figure 6A) resulted in the appearance of sporadic
EdU*/BrdU" single cells and a population of EQU*/BrdU- cells, in which ~15% of cells had already
divided but not differentiated (Figure 6B). By 24 hrs all EQU"/BrdU- cells were found as doublets
and in both basal (K10°) and differentiated K10" suprabasal layers (Figure 6B). These EdU"-only
cells represents the daughters of progenitor cells that have exited the S-phase within a defined
period (0-2 hrs), and have been given sufficient time to show their differentiation state. By keeping
the epidermis intact through processing and immunofluorescence staining, we are able to image
every EAU"-only doublet in tissue whole-mounts and assign daughter cell fates based on cellular

morphology (cuboidal vs. flat) and location in the tissue (basal vs. suprabasal; Figure 6C).
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We next compared the frequency of cell division types in control epidermis as measured
by CFI with that obtained using intravital two-photon imaging of LV-CreER transduced single
cells (Figures 4D, 6D). We observed no significant differences between the two assays, suggesting
that in CFI we have a valid and direct method for quantifying cell fate decision within the adult

murine epidermis.

G122V

4.2 Epidermal expression of Hras results in dynamic changes in progenitor cell fate

choice.

G12V

To investigate how proliferation and cell fate choice may evolve in Hras cells over

time, and account for relatively restricted growth of oncogene-expressing clones (Figure 5D,E),

G2V ¢lones

we measured their proliferation and renewal rates. We lineage traced control and Hras
initiated from a single cell at P21 and collected tissues at two-week intervals (Figure 6A). We
observed that oncogenic clones undergo more symmetric renewal initially, but by eight to ten
weeks of growth the proportion of symmetric renewal divisions decreased and returned to rates
observed in wild type clones (Figure 6B). Early increase in symmetric renewal was accompanied
by reduction in the rates of symmetric differentiation and asymmetric divisions, which also
returned to wild type levels by eight to ten weeks (Figure 6C,D). From the observed frequency of
cell division types we calculated the rate of progenitor renewal. The wild type progenitors
maintained a renewal rate of ~0.5 throughout the duration of the study, consistent with a neutral

growth potential of a homeostatic tissue (Figure 6E). In contrast, the Hras®!?V

-expressing
progenitors showed an increase in renewal rate to ~0.70-0.85 in the initial eight weeks, but then

fell to ~0.55 over the next several weeks as differentiating and asymmetric cell divisions increased

(Figure 6E).
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We also measured proliferation rates in control and Hras®!?V

clones over the same period,
and observed that while oncogene expressing cells had a higher rate of EdU incorporation than
wild type, the rates were largely stable over 24 weeks (Figure 6F). The higher rate of proliferation

and renewal lead to sustained expansion of Hras%!2V

clones (Figure 6F). Together, this suggests
that clonal expansion driven by a single oncogenic lesion is dependent on the cellular mechanisms

of progenitor proliferation and renewal, with fluctuating rates of cell fate choice being the

dominant determinant of growth dynamics.

GI12V

4.3 Emerging heterogeneity in expanding Hras clones impacts progenitor renewal

behavior.

Intrigued by the observed switch from highly renewing to more balanced cell fate choices
we revisited oncogene-expressing clones early (weeks 2 and 4) and late (weeks 10 and 24)

following single-cell Hras%!2V

activation (Figure 7). We used confocal microscopy of epidermal
whole mounts to observe individual YFP+ clones, and image processing to distinctly visualize
their progenitor compartment (Figure 8A). Based on evidence that cell packing can have profound
effect on delamination (Lee et al., 1998; Poumay and Pittelkow, 1995), we first compared clonal

cell density between early and late Hras%!2V

-expressing cells (Figure 8B). We observed that cell
density increases between two and four weeks but then remains stable as highly renewing clones
transition to more differentiating clones. This lack of temporal correlation suggested that cell

density does not drive the switch in progenitor renewal.

We noted that the shape of expanding Hras%!2V

clones appeared to be relatively round,
irrespective of their age and size (Figure 8C). Indeed, this was confirmed through analysis of clone

circularity (Figure 8D) and further implied that, as clones expand, their area increases at a greater

rate than their circumference. This suggested that time-dependent increase in clone size may be
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accompanied by a change in its overall composition in respect to the ratio of ‘edge’ cells, found
along the circumference of the clone and in contact with WT neighbors, to ‘inner’ cells, found in

G12V

the center of the clone and in contact with other Hras™'~"-expressing progenitors. To test this, we

G2V ¢lones and observed that while both

quantified the number of edge and inner cells in Hras
populations enlarged in absolute terms (Figure 8E), the relative abundance of inner cells increased
from 14 to 45% and edge cells decreased from 86 to 55% over time (Figure 8F). Therefore, as
Hras®!'?V clones expand, their composition changes in a potentially profound way. The heterotypic

(WT/Hras®!?V) environment of the edge cells could influence them to behave differently than the

homotypic (Hras%!?V/Hras%!?V) inner cells.

G12V_clones and observed that while the

Using CFI assay we analyzed 10-week-old Hras
rate of homeostatic asymmetric divisions was similar between edge and inner cells, they
significantly differed in the ratio of growth regulating symmetric fate choices (Figure 8Q).
Whereas edge cells underwent significantly more symmetric renewing divisions, inner daughter
cells more often chose differentiated cell fates. From observed division types we extrapolated the
renewal rate and established that edge cell population maintains progenitor renewal rate consistent
with growth expansion (0.69) while inner population is below the 0.5 threshold required for stasis,
and therefore in a state of progenitor loss (Figure 8H). Taken together, our data suggest a new
model for how growth of oncogene-expressing cells becomes restricted to ensure normal function

GI2V cell initially

despite accumulation of cancer driving genes. According to it, a single Hras
undergoes a rapid expansion, but after several weeks, a shift in renewal driven by intra-clone
heterogeneity decreases the rate of clone expansion until a point of near homeostasis. Even though

the inner core of the clone is pro-differentiation, the clone does not collapse because it is

maintained by the pro-renewal edge (Figure 8I). It also suggests the existence of a currently
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unknown molecular mechanism that regulates dynamic cell fate choice. Such a mechanism could
explain how tissues can remain phenotypically normal while maintaining a high mutation burden

throughout an individual’s life.

36



Process
EdU BrdU
A % P - EdU BrdU DAPI EdU BrdU K10 DAPI

$ Jzﬂi —5 24 hrs '

determine cell fate 30 min EdU

based on location Single cell: 100%

in epidermis Doublet: 0%
Basal: 100%
Suprabasal: 0%

C Symmetric Asymmetric Symmetric
renewal division differentiation

Basal

2 hr EdU

Single cell: 84.8%
Doublet: 15.2%
Basal: 100%
Suprabasal: 0%

Suprabasal

EdU BrdU mGFP

D
60 n.s. = WT-live imaging 24 hr EdU

" WT-whole mount Single cell: 0%
S a0 Doublet: 100%
S Basal: 55.9%
K2 Suprabasal: 44.1%
= 20
©
ES

0

SR AD SD

Figure 6 CFI assay specifically identifies epidermal progenitor fate choices. (A) Schematic of CFI
assay. EdU-only cells are assessed for location in epidermis (basal or suprabasal layer) as indicator
of cell fate choice. (B) Representative images of EAU and BrdU positive cells, 30 mins, 2.5 hrs
and 24 hrs post EdU injection. Cells at the 24-hour time point are fully committed to progenitor or
differentiated fate. Scale bar is 25 um. Inset scale bar is 10 um. (C) Representative images of cell
divisions as seen in CFI assay. Blue arrow marks symmetric differentiation division. (D) Cell fate
choices scored by CFI assay are not significantly different from cell fate choices scored via direct

intra-vital imaging.
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Figure 7 CFI assay reveals dynamic changes in progenitor renewal in expanding Hras
(A) Schematic of clone activation. Tissues were processed in 2-week intervals following tamoxifen

injection (blue arrows). (B-D) Division choices of progenitor cells in activated clones. (E) Rate of

G12V G12V

renewal in Hras and WT clones initially differs significantly, but as Hras clones reach 24
weeks, renewal rates drop to near-homeostatic levels. (F) EdU-incorporation over 2 hrs in WT and
Hras%!2V epidermis. (H) Hras%!2V clones expand significantly over time. For B-F,H statistics were
based on n=3 animals for each condition; the center point represents the mean; errors bars

represent the s.d. Two-tailed Student’s t-test was used. * denotes p value <0.05; **** denotes p

value <0.0001
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Figure 8 Hras%!?V clones develop intra-clone heterogeneity over time. (A) Representative images
of basal cell population of Hras%'?V clones at week 2 and week 10. (B) Density of individual
Hras®!?V clones. Dashed gray line represents average density in WT clones. (C) Outlines of
individual Hras®!?V clones show a circular morphology. Scale bars are 25 pm. (D) Quantification
of circularity of individual Hras%!?V clones. (E) Quantification of edge cells and inner cells in
Hras®!'?V clones. (F) Proportion of edge cells in Hras%!2V clones decreases as the clone expands.

(G) Division choices of inner cells and edge cells in week 10 Hras®!?V clones. (H) Rate of renewal
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G12V clones expand. In contrast, the inner region

in week 10 Hras®!?V clones. (I) Early phase Hras
of late phase Hras%!2V clones undergo high rates of differentiation but the clone does not collapse
because the edge cells are more renewing and compensate for the inner cells. For (B,D) each dot
represents a single clone. For (E-H) statistics were based on n=3 animals for each condition; the

center point represents the mean; errors bars represent the s.d. Two-tailed Student’s t-test was used.

* denotes p value <0.05; n.s. denotes p value >0.05.
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Chapter 5—RassfS promotes differentiation in the epidermis and can prevent
papilloma development

5.1 Functional screen identifies Hras effector Rassf5 as a mediator of cell fate choice.

We have previously shown that developing epidermis is a powerful system to conduct
large-scale genetic screens and identify physiological regulators of distinct cellular processes,
including progenitor renewal and differentiation (Beronja et al., 2010; Ying et al., 2018). We next

G12V-on progenitor renewal in adult skin can be

set out to test if the dynamic impact of Hras
recapitulated in oncogene-expressing embryonic epidermis. We first injected low titer LV-Cre
(Beronja et al., 2010), encoding a constitutively active Cre recombinase, into control (R26) and
test (Hras'%'?"; R26) embryos at E9.5 (Figure 9A). At E18.5, we confirmed that epidermis was
transduced at clonal density (Figure 9A,B), and used EdU/BrdU differentiation assay to quantify
renewal rate in YFP* clones (Ying et al., 2018). We observed that progenitor renewal rates were
high (~0.75), and not significantly different between control and test clones (Figure 9C). We next

G12v

transduced mice with high titer LV-Cre, which resulted in broad areas of Hras activation by

E18.5 (Figure 9A,B). We quantified progenitor renewal under large field expression of Hras¢!2V
and discovered a significant rate reduction (0.76 vs. 0.57; P value <0.001; Figure 9C). We also
used K14-Cre transgenic mice to generate E18.5 epidermis with uniform field activation of
Hras®!'?V (Figure 9A,B), and observed that the tissue’s progenitor renewal rate (0.56) showed no
difference between LV-Cre and K14-Cre induced fields (Figure 9C). Our data imply that a field

G12V

of progenitor cells that ubiquitously express Hras more often gives rise to differentiated

daughter cells, and this correlates with the changes we see develop over time in adult Hras®!2V

clones. They also suggest that we may be able to use our E18.5 screening platform to uncover the

mechanism of how activated Hras%!2V induces differentiation.
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We generated a library of short hairpin RNAs (shRNAs) targeting 28 known downstream
effectors of Ras signaling. We combined 4-5 shRNAs targeting each gene into a single pool of 135
constructs, made a lentivirus titrated to result in MOI<I, and transduced control and test E9.5
epidermis via ultrasound-guided in utero microinjection (Figure 9D). We collected the epidermis
at E18.5, isolated the keratinocytes and separated them into basal (o, Itghe") and suprabasal (o
Itg'*") populations. We reasoned that if an shRNA is enriched in the basal layer, it would imply
that the corresponding gene was a negative regulator of progenitor renewal, while suprabasal
enrichment would be consistent with depletion of a renewal promoter. We quantified relative
abundance of shRNAs in two populations using BWA and quantified significant basal/suprabasal
enrichment using DeSeq2 (Love et al., 2014; Ying et al., 2018). Genes were scored as screen hits
if at least two shRNAs showed significant and consistent enrichment, as before (Beronja et al.,

2013).

Our screen in wild type epidermis did not identify any Hras effector enrichment in basal or
suprabasal cells (Figure 9E), suggesting that in normal development Hras signaling is not a

G12V

significant regulator of progenitor cell fate choice. In contrast, the screen in Hras"'“¥-expressing

epidermis identified shRNAs targeting Rassf5 and Pik3ca as significantly enriched in basal cells

G12V_mediated

(Figure 9F), consistent with their putative role as negative regulators of Hras
progenitor cell renewal. We were gratified by this result as our lab has previously shown that

activated Pik3ca can drive progenitor differentiation in the epidermis (Ying et al., 2018). We next

set out to test our top hit Rassf5, as a candidate mediator of oncogene-induced differentiation.
5.2 Rassf5 mediates Hras-dependent reduction in progenitor cell renewal.

Rassf5, also known as Norela, is a Ras effector containing a Ras Association (RA) domain

which directly binds to activated Ras (Vavvas et al., 1998). Like other RA domain family (RASSF)
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members, Rassf5 lacks enzymatic activity and is often epigenetically silenced in cancer
(Donninger et al., 2016). Notably, Rassf5 is methylated in the majority of esophageal and head
and neck squamous cell carcinomas (Guo et al., 2015; Steinmann et al., 2009) and has been shown
to inhibit Ras growth via senescence (Donninger et al., 2015) and apoptosis (Elmetwali et al., 2016;
Park et al., 2010). To discern if Rassf5 also regulates progenitor cell fate choice and is critical to
Hras®!'?V-mediated differentiation, we first identified three independent sShRNAs which depleted

Gl2V_

target mRNA by ~70% in keratinocytes. We quantified Rassf5 expression in Hras expressing

epidermis at E18.5 and discovered that both its transcript and protein were elevated relative to wild

G12vV

type control, indicating that activated Hras can promote Rassf5 expression (Figure 10A,B).

To test if Rassf5 is necessary for increased differentiation under conditions of field

activation of Hras®!2V

, we generated lentiviral constructs for concomitant expression of Rassf5
shRNAs and constitutively active Cre (LV-Cre-shRassf3; Figure 7C). We first introduced them
into Hras'™9"?"; R26 epidermis at high MOI, isolated GFP+ cells by FACS and observed a
significant potential to counter HrasS!V-driven Rassf5 expression in vivo (Figure 10A,B). We next
transduced control and Hras"“'?"; R26 epidermis with high-titer LV-shRassf5-Cre, collected
broadly infected tissue at E18.5 and performed EdU/BrdU differentiation assay (Figure 10D). Our

G12V

data show that Rassf5 depletion in large Hras“'<"-expressing clones leads to a significant increase

in progenitor renewal rate, with three independent sShRNAs demonstrating the same effect (Figure

10E). This signifies that Rassf5 is necessary for Hras%!2V

-induced progenitor cell differentiation.
We also observe increased renewal in control epidermis with one out of three ShARNAs we used,

which suggest that Rassf5 may have a more general ability to regulate progenitor cell renewal

(Figure 10D).
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To test if Rassf5 is sufficient to promote progenitor cell differentiation we focused on small

HrasG 12V

clones that we demonstrated do not show increased differentiation (Figure 10C). We
generated a lentivirus to simultaneously express Cre recombinase and Rassf5 open reading frame
(ORF) fused to a tdTomato (LV-Cre-Rassf5-tdT), allowing for clonal oncogene activation and
visualization of transgene expression (Figure 10E). We transduced Hras"%'?"; R26 mice with
similar low titers of LV-Cre and LV-Cre-Rassf5-tdT, and readily observed numerous epidermal
clones at E18.5 epidermis. We noted a dramatic difference in their shape, with Rassf5-expressing
clones appearing more triangular in cross section (Figure 10F), consistent with either a significant
loss of basal progenitors or expansion of the suprabasal differentiated cell compartment. Whole
mount imaging further implied that Rassf5-expressing Hras®!2V clones were composed of fewer
basal and relatively more suprabasal cells (Figure 10G). We analyzed clone composition and
observed that Rassf5 promotes significant reduction in basal cell numbers and significant increase

in the suprabasal to basal surface area (Figure 10H,I). Together this suggests that Rassf5 is

sufficient to promote progenitor cell differentiation in Hras%!2V-expressing epidermis.
5.3 Overexpression of Rassf5 prevents papilloma development

Knowing that Rassf5 promotes differentiation, we sought to determine whether it can
influence papilloma development. Mice develop papillomas several weeks after activation of
oncogenic Hras (Beronja et al., 2013). Notably, Hras®!'?V mice overexpressing Rassf5 formed
significantly fewer papillomas during the study period, suggesting that Rasst5’s pro-differentiation
action is sufficient to prevent papilloma formation (Figure 11B). Conversely, all Hras®!?V and

GI12V.

Hras“'“"; shRassf5 mice developed papillomas (Figure 11A). However, the results of Rassf5

knockdown on overall papilloma burden per animal and rate of papilloma growth were dependent
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on the specific ShRNA (Figure 11B,C). Ultimately, the effect of Rassf5 knockdown on papilloma

growth is undetermined but overexpression of Rassf5 can prevent papilloma formation.
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Hras®!?V (LV-Cre field and K14Cre field). (D) Diagram of shRNA screen methodology. A
lentiviral pool targeting Ras effectors was injected into E9.5 embryos. The epidermis was
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shRNAs that are enriched in basal layer (a6 Itg"e" population) relative to suprabasal layer (a6
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Itg'*¥ population) inhibit differentiation. The indicated sShRNAs are candidate (Rassf5) or validated
(Pik3ca) regulators of Hras®'?V induced differentiation. For (C,E,F) statistics were based on n=3
animals for each condition; the center point represents the mean; errors bars represent the s.d. Two-

tailed Student’s t-test was used. n.s. denotes p value >0.05. *** denotes p value <0.001.
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Hras®!?V; Rassf5-tdT clone in E18.5 epidermis. Scale bar is 25um. (H) Quantification of basal cell
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numbers in E18.5 Hras®!?V and Hras%!?V;Rassf5-tdT clones. (I) Quantification of the ratio of
suprabasal surface area to basal surface area of Hras®!?V and Hras®!?V; Rassf5-tdT clones in E18.5
epidermis. For H,I each dot represents an individual clone. For A,D,H.I statistics were based on
n=3 animals for each condition; the center line represents the mean and errors bars the s.d. Two-
tailed Student’s t-tests were used. n.s. denotes p value >0.05. * denotes p value <0.05; ** denotes

p value <0.01*** denotes p value <0.001.
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Chapter 6—Discussion

6.1 The merits of cell fate identification assay

Previous studies have utilized spindle orientation to determine apical or basal division in
developing epidermis (Luxenburg et al., 2011; Williams et al., 2014). This assay assumes if the
mitotic spindle is oriented parallel to the basement membrane, the resulting division will produce
two daughter cells that maintain the progenitor potential of the mother cell. Conversely, if the
mitotic spindle is oriented perpendicular to the membrane, this would result in the apical daughter
cell differentiating and the basal daughter remaining a progenitor. Though this technique has
established that stratification during development correlates with an increase in the number of
divisions oriented perpendicular to the basement membrane, it assumes ultimate cell fate choices
and precludes symmetric differentiation entirely, an event which we and others have shown is
common in adult epidermis (Rompolas et al., 2016; Ying et al., 2018) . In contrast to the oriented
divisions seen in developing epidermis, intra-vital imaging has demonstrated that adult epidermal
progenitor cells exclusively divide in plane with the basement membrane and then move according
to differentiation state. Though decidedly useful in studying the epidermis, intra-vital imaging is
highly technical and cost prohibitive.

To rectify the limitations of these current methods, we developed a novel cell fate
identification (CFI) assay, which is characterized by several features, which should make it a
standard in the field:

(1) it quantifies progenitor renewal and differentiation rates in vivo—Dby including net effects
of direct and indirect determinants such as spindle orientation, delamination and

plasticity, it reports the ultimate daughter cell fate choice;
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(i1) it records progenitor/daughter cell locations—by maintaining spatial information of
progenitor fate decisions, it allows for analysis of heterogeneity that may be driven by
specific cell/cell and cell/niche interactions;

(i) it is an approachable assay—by utilizing generic reagents and microscopy techniques, it
is easily assimilated into any research program.

This assay allowed us to quantify progenitor renewal and proliferation rates in the context of cell

location, enabling us to study oncogene growth inhibition in the epidermis.
6.2 Potential Rassf5 pro-differentiation mechanisms

Using CFI we quantified the changes in progenitor fate choices in oncogenic clones. The
dynamic renewal/differentiation rates lead us to conduct a genetic screen of Ras effectors to

understand the mechanism behind our finding. We have identified a specific Ras effector, Rassf5,

topl
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as a critical regulator of differentiation.
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i |
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5 the Hippo pathway. Hippo signaling is
Figure 12: The Hippo pathway leads to the phosphorylation and subsequent

degradation of YAP/TAZ. When YAP/TAZ is not phosphorylated, it can enter the
nucleus and activate transcription of pro-proliferation target genes. Adapted from
(Pfeifer et al., 2010)

important during development and is
critical in regulating organ size (Justice
et al., 1995; Tapon et al., 2002). Hippo was first thought to be relevant to cancer when researchers
discovered that it restricted the growth of Drosophila tissues. Over the years, additional evidence
pointed to Hippo signaling being dysregulated in cancer, with certain Hippo gene mutations
causing tumors. The canonical Hippo pathway involves kinases Mstl/2 (homologues of
Drosophila Hippo) and Savl complexing with Lats1/2, which then phosphorylates Yap. This

phosphorylation causes Yap to be degraded (Figure 12). When not phosphorylated, Yap
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translocates to the nucleus and promotes viability and tissue growth by controlling the actions of
several transcription factors including Tead and Smad (Harvey et al., 2013).

Rassf5 and other family members have an effect on the Hippo pathway. Rassfl, Rassf5,
and Rassf6 binds to Mstl or Mst2 thereby mediating apoptosis or affecting cell cycle length
(Aoyama et al., 2004; Guo et al., 2007; Ikeda et al., 2009). Rassf5 is able to complex with Mst1/2
via its SARAH domain (Bitra et al., 2017). Mstl can induce apoptosis via phosphorylation of
histone H2B (Cheung et al., 2003; Ura et al., 2001). Because Rassf5 interaction with Mst1 allows
it to more readily phosphorylate histone H2B, it is thought that the Rassf5/Mst1 interaction is pro-
apoptotic (Bitra et al., 2017). Here, we hypothesize that the binding of Ras with Rassf5/Mst1 could
activate Mstl and promote phosphorylation of Lats1/2, which leads to degradation of Yap.
Previous study of Yap in murine epidermis has shown that it is expressed almost exclusively in
the basal layer and promotes progenitor maintenance (Zhang et al., 2011). This observation
correlates with our hypothesis of Rassf5 interaction with the Hippo pathway. If Rassf5 activation
of Mstl eventually leads to the degradation of Yap, this would cause cells to lose progenitor

identity and instead differentiate.

Though Rassf5 has not been connected with differentiation in keratinocytes before now,
another study linked Rassf5 to frans-retinoic acid-induced differentiation in a MYCN amplified
neuroblastoma cell line (Das et al., 2010). The retinoic acid pathway is vital during development
and is important in the differentiation processes of many cells, including neurons (Bibel et al.,
2004; Rhinn and Doll¢, 2012). Retinoic acid signaling in the epidermis is complex. For decades,
retinoic acid has been used clinically as an anti-aging therapy and for treatment of acne vulgaris
(Leyden et al., 2014). Topical retinoic acid application causes the skin to thicken as the

keratinocytes stratify and differentiate, generating hyperplasia. Animals expressing a dominant

53



negative retinoic acid receptor (RAR), which inhibits retinoic acid signaling, developed thin skin
which lacked hair follicles, and keratinocyte differentiation markers were also aberrantly
expressed. Furthermore, the K5-expressing basal cell population expanded and there was less
keratin expression overall, leading the authors to conclude that inhibiting retinoic acid signaling
lead to an immature epidermis (Saitou et al., 1995) Further study indicated that the retinoic acid
pathway is not important during epidermal homeostasis because it does not take part in promoting
the renewal of keratinocytes in adult animals (Chapellier et al., 2002). Though the precise
mechanism of RAR signalizing in epidermis is unknown, we can conclude that RAR signaling
contributes to epidermis development and alters keratinocyte differentiation processes. In the
context of this study, we propose that Rassf5 could promote differentiation by activating RAR
signaling. Further study of Rassf5’s pro-differentiation activities and a possible link to the RAR

signaling pathway would be interesting.
6.3 Implications of oncogenic clone heterogeneity in cell fate choices and cell competition

The idea of differentiation as a method to stall oncogenic growth has gained traction in
recent years (Brown et al., 2017; Ying et al., 2018). Originally, the primary methods of preventing
oncogene-driven clonal expansion in the epidermis were thought to be through senescence and
apoptosis, with senescence in particular acting as a blockade to tumor growth (Braig et al., 2005;
Fearnhead et al., 1998; Michaloglou et al., 2005). These processes, however, both limit tissue
proliferation and eventually disrupt epithelial function. Furthermore, observations that
phenotypically normal skin contains a large number of clones under positive selection contradicts
the idea of apoptosis or senescence playing a large role in preventing clonal expansion

(Martincorena et al., 2018; Martincorena et al., 2015).
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Because renewal and differentiation are a natural part of epidermal maintenance, it follows
that the tissue would rely on this mechanism to inhibit aberrant growth. A study of developing
mouse embryos revealed that less fit Mycn*~ cells undergo apoptosis more often when adjacent to
a WT cell. During the later stages of gestation, when apoptosis is not common in the epidermis,
these Mycn™ clones underwent more differentiating divisions, eventually leading to clone loss
(Ellis et al., 2019). This suggests that differentiation as a method of rectifying damaged cells is a
naturally occurring part of epidermal function.

Our work contributes to this field by demonstrating that the growth of a single, isolated
oncogenic clone can be stalled through the interplay of renewing and differentiating events within
the clone. This action illuminates how clones driven by potent mutations grew to limited and
relatively uniform sizes in aged epidermis (Martincorena et al., 2015). Together, these data indicate
that the skin uses differentiation as its primary growth-suppressive mechanism.

The precise manipulation of progenitor fate choices in distinct compartments of oncogenic
clones raises questions about how epidermal basal cells specifically assign fate choice. In the fly,
oriented divisions allow stem cells to either remain in the niche and maintain stemness or leave
the niche and differentiate. In contrast to this, basal cells of the adult epidermis divide in plane
with the basement membrane and then move according to their fate. This action suggests
asymmetric inheritance of renewal/differentiation drivers, since both daughter cells remain in the
progenitor environment and are still in contact with renewal factors such as integrins. Numb can
be asymmetrically inherited in keratinocytes (Clayton et al., 2007), allowing the possibility for
other factors to be distributed preferentially to each daughter cell.

Dividing in plane with the basement membrane may also provide a means to initiate

differentiation as needed by the local environment. If differentiation was predetermined,
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progenitors would be committed to a specific fate and could not adapt to local conditions. Basal
cells are thought to divide stochastically, with daughter cells choosing their differentiation state as
required to maintain homeostasis (Clayton et al., 2007; Mesa et al., 2018). This mechanism
provides a ready response to address local needs and maintain homeostasis.

The possibility that cell fate is linked to local conditions gives insight into the influence
of the heterotypic environment on cell fate choices of Hras®!2V clones. WT cells can sense and
respond to mutant cells (Brown et al., 2017; Hogan et al., 2009; Watanabe et al., 2018), generating
the possibility that WT cells initiate the change in Hras%!?V clone renewal. However, it seems

G12V

unlikely that WT cells would be directly causing an impact on Hras renewal rate because the

renewal rate of edge cells in late stage clones is very similar to that of Hras¢!2V

single cells. What
is more striking is the reason behind the pro-differentiation fate choices of the inner cells, which
suggests that interaction between neighboring Hras%!?V cells is detrimental to their long-term
survival. How the differentiation of the inner cell is initiated is unknown but would be an intriguing
avenue of further study.

Changes in cell behavior because of heterotypic adhesions have been well documented
(Mishra et al., 2019). The migration of Drosophila border cells and polar cells during ovary
development is dependent on E-cadherin connecting the two cell types (Montell, 2003). In
mammals, heterotypic adhesions are seen in the terminal end bud where neogenin-netrin
interactions connect migratory luminal cells and cap cells. If either neogenin or netrin are not
expressed, then the structure disassociates (Srinivasan et al., 2003). These observations have

G12v

implications for this study. The dynamic behavior that we observe in Hras clones could be due

G12vV

in part to the homotypic or heterotypic environments of dividing cells. In Hras clones, the

homogeneous environment of the inner core resulted in pro-differentiation daughter cells. It is
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plausible that the homotypic adhesions of Hras%!?V/Hras%!2V inner cells could promote recruitment
of more Ras and/or more Rassf5 to the membrane, driving an increase in differentiation. Additional
work from our lab identifies increased Eif2b5-dependent translation of Rassf5 in Hras®!?" animals

G12V

(Cai, 2019) suggesting that homotypic Hras neighbors may have higher rates of translation,

driving Rassf5 expression.

The pro-differentiation nature of the core Hras®!?V

cells has implications in cell
competition, a process that is known to occur in the epidermis. During development, less fit clones
are removed via differentiation (Ellis et al., 2019). In the adult animal, epidermal clones associated
with high expression of the hemidesmosome Coll7A1 are more fit and out compete clones
associated with low levels of Col17A1. Researchers hypothesized that Col17A1 promoted renewal
in basal cells, which increased the longevity of the clone (Liu et al., 2019). In terms of this study,

the “more-fit” edge cells of the Hras®!2V

clone could be inducing the differentiation of the “less-
fit” inner cells. The balance between the fates of these two populations leads to a near-homeostatic

renewal rate of the entire clone.

My work over the last five years demonstrates that a slight change in renewal rate can alter
the expansion of a clone dramatically, indicating that dynamic control of renewal rates is an
efficient method of stalling oncogenic growth and effectively decreasing clone fitness. Hras¢!2V
cells divide more rapidly than WT cells yet decreasing renewal alone can inhibit growth, further
indicating the strength of renewal/differentiation interplay in impeding a clone’s progress and

maintaining tissue integrity. We conclude that epidermis not only limits the growth of a multitude

of clones but also can do so on a single clone basis.
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