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Abstract

The Hedgehog (Hh) signaling pathway is essential for instructing tissues to properly develop
during vertebrate embryogenesis. Perturbations that cause constitutive activation of Hh
signaling, primarily through loss-of-function mutations in PTCH1, drive the formation of basal
cell carcinoma (BCC). While mutations in the Hh pathway play a necessary role for this disease,
BCCs also possess high tumor mutational burdens, suggesting that additional mutations may
collaborate with Hh signaling to promote oncogenesis. My thesis therefore examines whether
other genetic factors can collaborate with Hh signaling to promote the formation of macroscopic
BCC-like tumors in mice.

Using BCC mouse models, I found that loss of Ptchl is not sufficient to promote
macroscopic tumor formation. Because NOTCHI, TRP53, and MYCN are frequently mutated in
human BCCs, I investigated if these genetic factors can collaborate with Hh signaling to drive
tumor progression. Indeed, ablating either Notchl or Trp53 in our BCC mouse model system
caused rare “successful” macroscopic tumors to form. Upon ablating Notch signaling, I found
that microscopic BCC-like tumors persist and resist tumor regression. Losing 7rp53 likely
promotes tumor mutability and helps enable genomic amplification of G/i/ or G/i2. Finally, I
found that overexpression of MYCN promotes proliferation and tumor progression. Collectively,
these data suggest acquired secondary mutations that upregulate G/il, G/i2 and/or Mycn levels
enable tumors to expand indefinitely. Losing Notchl and p53 also facilitates tumor progression.

I also determined whether immune privilege extends to BCC and addressed if inhibiting
CD200 suppresses tumor initiation. CD200 is thought to be a potential immunosuppressive
molecule in the hair follicle and is expressed in BCC. I found that suppression of CD200 did not
affect nascent tumor size during tumor initiation. Furthermore, suppression of CD200 did not
affect immune cell numbers in tumor-containing skin.

Finally, gene amplification is a common genetic alteration in cancer, and some amplified
genes may cause cells to divide or become resistant to therapy. However, there are limited in

situ hybridization approaches to detect and visualize copy number changes. I therefore



optimized the new DNAscope® duplex assay to examine GLI/I, GLI2, and MYCN copy number
in human BCC samples.

In summary, my findings expand our understanding of key aspects of BCC biology and
define genetic factors that drive BCC progression. Furthermore, the tools and assays I have

optimized can be leveraged in futures studies in skin cancer biology.
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Chapter 1: Introduction

1.1 Summary

Constitutive Hedgehog (Hh) signaling is the main driver for basal cell carcinoma (BCC),
the most common form of skin cancer. This chapter introduces the Hh signaling pathway and its
importance in development, homeostasis, and disease. I also focus on BCC mouse models
generated over the past 30 years and explain how these tools helped advanced our knowledge for
BCC. I further describe in detail how various non-canonical signaling pathways collaborate with
Hh signaling in BCCs and their relevance to combinatorial therapies. Finally, I will briefly
introduce CD200 signaling in BCC and pose key questions that I will address in subsequent
chapters.
1.2 Hedgehog signaling drives basal cell carcinoma

1.2.1 Introduction

In this section, I introduce an overview of the core components of Hh signaling in the
context of development, homeostasis, and disease. I further describe how the Hh pathway plays
a causative role in BCC. In addition, I will describe the initial discovery of BCCs and the key
pathological clinical features. Because BCC is a Hh-driven disease, I will also describe the
advantages and disadvantages of the FDA approved anti-Hh therapeutic drug vismodegib.

1.2.2 Hedgehog

Hh proteins are secreted lipoproteins that specify cell patterning 1. The Hh gene was
first discovered in Drosophila melanogaster screens for defects in segment patterning .
Drosophila have a single Hh gene and larvae with defects in HZ displayed segment defects
resembling hedgehog spines. In mammals, the HH gene has three homologs, Sonic Hedgehog
(Shh), Indian Hedgehog (Ihh) and Desert Hedgehog (Dhh) ©'V. All three homologs display
unique expression patterning and Sh# is typically studied the most. Mutant S/ knockout mice
display absence of cell types within the neural tube, distal limb structures, spinal column, ribs,
and develop cyclopia !?. Furthermore, Shh knockout mice display significant defects in the

lung, heart, and foregut !>19. Additionally, the skin epidermis in Shi knockout mice appear



normal during development; however, hair follicles fail to form a mature follicle 17-®. Thus,
Hh signaling is critical for proper tissue formation during embryogenesis.

In the absence of Hh ligand, the 12-transmembrane protein Patched1 (Ptchl) localizes to
the primary cilium and blocks the function of the 7-transmembrane protein Smoothened (Smo).
It is well documented that Smo is a positive mediator of Hh signaling 1°2)), Without Smo
activation, downstream GLI family transcription factors are degraded or processed into repressor
forms. The function of GLI repressor forms inhibits the transcription of Hh target gene
expression (described in more detail below). When Hh is present, Hh binds to Ptch1l and
internalizes Ptch1 for degradation, which then allows Smo to move to the cilium to induce the
activation of GLI transcription factors (Figure 1-1). Indeed, Ptchl mutant embryos display
increased Hh activity and develop expansion of ventral neural cell types and polydactyly 229,

Core elements of the Hh pathway were originally identified from genetic approaches
performed in Drosophila. Activated Smo signals through Cubitus interruptus (Ci), a zinc finger
transcription factor that serves as a downstream activator or repressor for the Hh pathway. When
Hh is absent, Ci is processed into a repressor form (CiR), which inhibits the expression of Hh
target genes ?. The processing of active or repressive Ci is mediated by the kinesin-related
protein Costal2 (Cos2, mammalian homolog is Kif7). It has been demonstrated that Ci and Cos2
physically interact and are also bound by additional proteins including unphosphorylated Smo,
the serine/threonine kinase Fu, and Sufu ?®?%. Furthermore, loss of Cos2 or one of the kinases
that phosphorylate Ci can lead to higher Hh pathway activity ¢% 3D, Additionally, Cos2 can
recruit additional kinases such as, protein kinase A (PKA), casein kinase I (CKI), and glycogen
synthase kinase 3 (GSK3), to phosphorylate full-length Ci ¢33,

While the activation and repression functions are largely driven by Ci in flies, mammals
have three GLI proteins that play different roles in Hh signaling. Glil plays an activating role
and is a well-established downstream Hh target gene; however, Glil is dispensable for
development ¢+ 3%, Hh transcriptional activation is normally executed by full-length Gli2 9,
and overexpression of a truncated form of Gli2 lacking its N-terminal repressor domain drives
constitutive Hh signaling both in vitro and in vivo ®7-3®). On the other hand, a proteolytically
processed form of Gli3 missing the activator domain transcriptionally represses pathway activity

(394D " Furthermore, overexpression of a truncated Gli3 lacking its carboxy-terminal activator



domain causes constitutive repression of Hh signaling *?. Similar to the Cos2-Fu-Sufu complex
in flies, Gli proteins are positively and negatively regulated by Kif7 and Sufu ¢4,

Many mouse studies have highlighted specific roles and functional redundancies of Glil,
Gli2, and Gli3. Although it is suggested that Glil is dispensable during development ), ectopic
expression of G/i/ controls multiple ventral cell fate in the central nervous system during
development #4349 GJi2 seems to play a greater role in neural tube development because G/i2
mutant mice fail to develop floor plate throughout the midbrain, hindbrain, and spinal cord “7-4®),
Gli3 mutant mice appear to have a subtle expansion of neural subtypes “°). These data likely
suggest neural tube cells predominantly require G/i2, while Glil and Gli3 play supporting roles.
In addition, Glil,;Gli2 deficient mice display more severe phenotypes in the neural tube
compared to single mutant mice . This suggest that G/il and GIi2 have more overlapping
functions in the Hh pathway. To further highlight the importance of G/i2, activation of Gli2 is
essential for the formation of hair follicles ©?. Finally, the loss of G/i3 leads to polydactyly V.
Litingtung et al. and te Welscher et al. observed loss of G/i3 in Shh knockout background
restores digit formation ®*3%, This suggest that Shh may suppress Gli3 repressor formation in
the limb bud. In addition, G/i2;Gli3 knockout mice have defects in the development of the
neural arches and display bilateral pair of extra ribs ®¥. Collectively, tissues can respond to Hh
signaling in various ways where Shh can either activate the function of G/i2 or inhibit the
formation of G/i3 repressor.

Given the importance of Hh signaling in development, aberrant Hh signaling can result in
a wide variety of birth defects and diseases. Aberrant Hh signaling has been implicated in many
cancers through ligand-independent, ligand-dependent autocrine/juxtracrine signaling, and
ligand-dependent paracrine signaling or reverse paracrine signaling (Figure 1-2) 3. Ligand-
independent activation of Hh signaling is caused either by activating mutations in Smo,
inactivating mutations either in Ptchl or Sufu, or amplification in downstream GLI activity.
These mutations result in the formation of basal cell carcinoma, medulloblastoma, or
rhabdomyosarcoma ?#36-59) For Hh autocrine/juxtracrine constitutive signaling, Hh ligand is
produced and taken up by the same or surrounding cells. Indeed, it is proposed that tumor cells
respond to Hh in an autocrine manner and reported in tumors arising in the brain, ovary, liver,
breast, prostate, colorectal, and digestive tract %69 Finally, the role of Hh signaling in stromal

cells has also been shown in several cancers already mentioned above (reviewed in ©”). As an



example, Fan et al. demonstrated the role of ligand-dependent paracrine signaling in prostate
tumor cells “®. Kras-driven pancreatic cancer is another well studied example for ligand-
dependent paracrine signaling 7). Indeed, Tian et al. observed surrounding myofibroblast
receive Hh activity from pancreatic tumor cells ?. Collectively, these examples suggest the
various mechanisms of aberrant Hh signaling during tumorigenesis.

1.2.3 Molecular genetics of BCC

For the focus of this section, I will describe the molecular genetics of BCCs. In 1827,
Arthur Jacob observed a “destructive ulceration of peculiar character” around the eyelids that we
now call BCC 7. Follow up medical reports in the 1900s further originated the term
Basalzellenkrebs as a locally invasive and malignant tumor that develop from the basal layer of
the epidermis or hair follicle ™ 7. In 1974, the World Health Organization classified and
ultimately retained the name “BCC”. BCC is the most common skin cancer with >5 million new
cases diagnosed each year 9,

The development of BCC is associated with genetic predisposition or exposure to
ultraviolet (UV) radiation and is typically more common in the elderly population 77. Due to
UV light sunbeds, however, younger people may be susceptible to develop BCCs earlier in their
lifetime /. Although BCCs is the most common skin cancer, BCCs rarely metastasize and most
can be cured by surgical excision. In more advanced lesions, BCCs can be removed by Mohs
micrograph surgery 7?. Clinically, BCC appears as translucent papules or nodules that slowly
grows, and in some cases, may be pigmented. BCCs are grouped together with skin squamous
cell carcinomas (SCC) and other less common non-melanoma skin cancers. Histologically, BCC
are keratinocyte epithelial tumors that resemble the basal layer of the epidermis. These basal (or
basaloid) cells are arranged in palisades at the tumor periphery and are distinct from the
surrounding stroma. BCCs can display varying morphological tumor architecture and growth
patterns. The major subtypes of human BCCs include, superficial, nodular, micronodular,
infiltrating, and sclerosing %,

Initially reported in 1894 and later described in detail by Gorlin et al., the understanding
of Hh signaling in BCC came from studying patients who are genetically prone to develop BCC
throughout their lifetime ®'-82), Using family-based linkage studies, it was demonstrated that
patients with Gorlin syndrome patients (also known as basal cell nevus syndrome) are more

susceptible to develop multiple BCCs and medulloblastoma starting at a young age ®¥. Gorlin



syndrome patients harbor a causative loss-of-function mutation in PTCHI (chromosome 9q22)
(56, 84-86) Tt Jater became clear that the majority of sporadic BCCs have mutations in PTCHI
(~70%), whereas the remaining have oncogenic activating mutations in SMO (~10-20%) ©% 37,

1.2.4 Anti-hedgehog therapeutic treatments

The very first discovery that the Hh pathway is sensitive to small molecules originated
from sheep ingesting corn lilies (Veratrum californicum). Maternal sheep that ingested this plant
gave birth to single eyed (cyclopic) lambs ®®. The analogous human developmental condition
holoprosencephaly is linked to SHH mutations ®>°?. It was later identified that the alkaloid
compound, cyclopamine, can be isolated from Veratrum californicum ©'-*?. Indeed, it was
initially demonstrated by Chen et al. that cyclopamine binds to SMO and suppresses Hh pathway
activity, highlighting its therapeutic potential ®*. Athar et al. later demonstrated oral
administration of cyclopamine can reduce BCC growth in UV-irradiated Ptchl " mice ©¥.

These data ultimately supported the concept that cyclopamine and other SMO antagonists may
be a useful treatment for BCC.

In 2012, the FDA approved the therapeutic drug vismodegib (vismo, GDC-0449), a
compound that selectively inhibits SMO, and is prescribed for Gorlin patients or patients with
advanced BCC ©>°9_ Clinical trials have demonstrated patients responding well to treatment
(>50%) with some patients having a complete response. However, the remaining 50% of
patients develop a partial response to drug treatment. A strong reason why tumors resist vismo is
because of acquired SMO mutations that limit drug binding (SMO inhibitor resistance). Two
complementary studies by Atwood et al. and Sharpe et al. identified mutations in SMO that
confer resistance to vismo ©7-°%). Interestingly, resistance-associated mutations classified into
two groups. Group one mutations occurred within or adjacent to the drug binding pocket,
whereas group two mutations occurred at distant sites. Furthermore, Sharpe et al. sequenced
BCCs and identified copy number alterations in SUFU and GLI2, suggesting other potential
alternative resistance mechanisms.

Because BCCs can acquire mutations to resist drug binding, this opened many questions
to identify alternative mechanisms to inhibit SMO or downstream components of the Hh
pathway. Kim et al. demonstrated the FDA-approved antifungal agent, itraconazole, as a
potential alternative to inhibit SMO-resistant tumors . An alternative therapeutic approach to

consider is to inactivate downstream GLI activity. Indeed, atypical protein kinase C VA



inhibition suppresses Gli activation in BCCs (discussed more in section 1.4.7) ©7- 100 [n
addition, arsenic trioxide may be an alternative inhibitor for GLI; however, clinical trials have
proven to be ineffective ©°- 1D, Altogether, understanding additional mechanisms in drug
resistant BCC may potentially open alternative therapeutic strategies.

Distinct from BCC drug resistance, BCCs can undergo tumor regression but a subset of
cells can persist during vismo treatment (tumor persistence). Persisting tumors display
suppressed Hh activity and are dormant with the potential to reactivate growth upon drug
withdrawal. It has been demonstrated that patients on vismo stop drug treatment because of on-
target side effects such as, muscle cramps, weight loss, hair loss, fatigue, and loss of taste ©% 102,
To understand the mechanisms how BCC tumors persist, the initial observation of persisting
tumor cells originated from Hutchin et al °®. Eberl et al. later observed peripheral basal tumor
cells persist throughout treatment and this population likely drives recurrent tumor formation

(199 Sanchez-Danes et al. further observed persisting LGR5" cells and Wnt pathway activation

(105 - Similar observations were

promotes recurrent tumor formation upon drug withdrawal
observed from Biehs et al. 1%9, Collectively, these data highlight the need to identify strategies
to eliminate persistent tumor cells during vismo treatment.

1.3 BCC mouse models

1.3.1 Introduction

In this section, I describe an overview of genetically engineered BCC mouse models.
Most of these models target deletion or overexpression of the different components of the Hh
pathway (e.g., Shh, GLI transcription factors, Sufu, oncogenic SMO, and Ptchl). I will describe
each model below and describe how the generation of these models helped identify the stem cell
origin of BCC.
1.3.2 Shh & GLI overexpression models

The generation of the first BCC mouse model was reported by Oro et al., where Shh was
driven by the Keratin 14 (K14) promoter (K14;Shh mice) %7, Although K14;Shh mice
developed BCC-like epidermal proliferative lesions around ~E17.5, these mice were embryonic
lethal. To circumvent this issue, K74, Shh cells were then grafted into SCID mice, which
developed microscopic BCC-like tumors that transformed into aberrant hair follicle structures
with sebaceous glands ~3-10 weeks post-engraftment. Building upon these findings, Fan et al.

performed retroviral transduction to overexpress SHH in human keratinocytes °®. Long



terminal repeat driven SHH keratinocytes were grafted into immune deficient mice and displayed
similar histological features seen in BCCs. Thus, these studies showed that SHH overexpression
can induce BCC-like tumor formation.

As mentioned already, GLI1 and GLI2 transcription factors are key downstream
activators of the Hh pathway (!°). Nilsson et al., Grachtchouk et al., and Hutchin et al. each
provided evidence either GLI1, GLI2 (or Gli2) overexpression, or mutant forms of Gli2 is
sufficient to promote BCC-like tumors in mice %1% 11D Nilsson et al. generated mice
expressing human GL/I under the control of the bovine Keratin 5 (K5) promoter (BK5,;GLI1
mice), and observed the formation of BCCs, trichoepitheliomas, cylindromas, and
trichoblastomas ~1-13 weeks post-birth 1'9. Grachtchouk et al. generated mice expressing
mouse G/i2 under the control of the bovine K5 promoter (BK S5, Gli2 mice) 'V, Indeed,
BK5,Gli2 mice developed multiple BCC-like tumors on the ears, tail, trunk, and the dorsal
aspects of paws ~3 months of age. BK5,G/i2 tumors also exhibited elevated Hh activity and
displayed palisading periphery.

Gli proteins all contain a C-terminal transactivation domain, but Gli2 and Gli3 also have
an N-terminal repression domain ®¥. Indeed, it was demonstrated that removal of the N-terminal
repression domain (GLI2AN) promotes nodular BCC-like tumors in mice (!!?. Sheng et al. also
addressed the tumorigenic potential of the Gli2 N-terminal repression domain (Gli2AN2) ¢7),
Interestingly, mice expressing mouse G/i2AN2 under the control of the bovine K5 promoter
(BK5,;Gli2AN2 mice) rarely developed classic BCCs, and developed skin tumors that resemble
trichoblastomas, cylindromas, and basaloid follicular hamartomas 7. Together, these data
support the concept that GIli2AN2, GLI2AN, and full length Gli2 may have different oncogenic
potential for the formation of various skin-derived tumors. In support of this idea, AK5;,SMOM?2
mice (truncated Keratin 5 promoter), which exhibit low-level Hh signaling, develop basaloid
follicular hamartomas ¥, This finding suggests that varying levels of Hh signaling activity can
result in formation of distinct tumor types

Finally, Hutchin et al. generated a tetracycline response element (TRE) G/i2 allele (TRE-
Gli2), with the tetracycline-regulated transcriptional transactivator (tTA) fused to the bovine K5
promoter (BK5-tTA; TRE-GIi2 mice) 1°¥. The generation of this mouse model allows temporal

Gli2 inactivation in the presence of doxycycline. It was demonstrated upon doxycycline



administration, fully developed BCC-like tumors regress. Collectively, these studies
demonstrate that overexpression of GLI activity drives BCC-like tumors in mice.

1.3.3 Ptch inactivation & oncogenic Smo models

As mentioned previously, it is well established that the primary genetic aberration seen in
~70% of human BCCs, is the loss of the tumor suppressor PTCH1. The remaining ~10-20% is
through a mutated oncogenic form of SMO. To mimic Ptchl loss-of-function, Aszterbaum et al.

generated Ptchl-heterozygous mice (Ptchl™eo??

mice, one copy of Ptchl & one copy of lacZ),
and observed microscopic BCC-like tumors develop after >9 months of age !'¥. Interestingly,
exposing PtchIVe°!’ mice to UV radiation dramatically enhanced the formation of microscopic
BCC- and SCC-like tumors in ~4 months. These tumors possessed elevated 3-gal expression,
confirming that these tumors possess elevated Hh activity. Similar observations were also noted
by Mancuso et al. !9, Finally, it is important to note that loss of p53 in Ptchl-heterozygous
models accelerates tumor formation.

Because conventional whole-body constitutive approaches typically limit studies due to
embryonic lethality, the Cre-loxP system significantly advanced BCC mouse model engineering.
Early work using the Ptchl conditional knock out technology originated from Uhmann et al. and
Zibat et al. 116117 To restrict Ptchl conditional knockout to the skin and stem cell compartment
of the hair follicle, Adolphe et al. utilized mice expressing a retinoic acid-inducible Keratin 6
(K6) promoter-driven Cre to target deletion of Ptchl (K6a-Cre; Ptchl mice) !'®. Upon retinoic
acid administration, microscopic BCC-like tumors developed ~16 weeks later. These
microscopic BCC-like tumors also expressed elevated levels of cyclin D1 and cyclin B1, two
established Hh target genes. These initial early studies therefore demonstrated the specificity of
the Cre-loxP system in an adult setting.

To mimic SMO gain-of-function, Xie et al. generated mice expressing human SMOM?2
under the K5 promoter (K5, SMOM?2 mice) ®”. Indeed, they observed microscopic BCC-like
tumors with elevated Hh activity at ~E18. K5;,SMOM?2 mice also developed fused digits and
spina bifida. The very first conditional SmoM2 mouse model utilized mice expressing a
tamoxifen-inducible CAGGS ubiquitous promoter-driven Cre® to target activation of Cre-
inducible SmoM2 knocked into the ROSA26 locus (CAGGS-Cre®®:SmoM?2 mice) '), All mice
~6-10 weeks post-tamoxifen developed microscopic BCC-like tumors, rhabdomyosarcoma,

medulloblastoma, and pancreatic lesions.



1.3.4 Sufu mutant models

Suppressor of fused (Sufu) is known to negatively regulate Gli activity. Svird et al.
confirmed elevated Hh activity in heterozygous mutant Sufu embryos (Sufu™ mice) and in a
mouse embryonic fibroblast cell line Y. However, Sufi™~ mice aged up to two years developed
basaloid follicular hamartomas and aberrant sebaceous glands, and rarely any BCCs. This
suggest mutations in Sufu and additional mutations in the Hh pathway are needed for sustained
tumor progression. To circumvent this issue, Li et al. generated a tamoxifen-inducible K14
promoter-driven Cre®SR! to target inactivation of Sufu and Kif7 (K14-Cre® R :Sufu,; Kif7-
heterozygous mice) 129, Kif7 is suggested to positively and negatively regulate Hh activity “4*
12D, Indeed, K14-Cre R :Sufu, Kif7-heterozygous mice developed microscopic BCC-like tumors
and basaloid follicular hamartomas ~7-12 weeks post-tamoxifen. Collectively, these results
build upon the understanding that manipulations in downstream Hh regulators is an important

collaborator to drive the formation of BCC-like tumors in mice.

1.3.5 p53 mutant models

TP53 is a well-known tumor suppressor and is commonly mutated in a wide variety of
human cancers 1??. Not surprisingly, 7P53 is commonly mutated in BCC (>50%) and has been
demonstrated that losing Trp53 promotes BCC tumorigenesis 12312, Most BCC mouse models
mimic loss-of-function mutations; however, 7P53 missense mutations are the most common
mutations observed in human cancers (reviewed in 129). As an example, Boettcher et al.
demonstrated missense variants in the DNA-binding domain results in a dominant-negative
effect in hematopoietic cells. This suggests dominant-negative activity of p53 may drive clonal
selection. Indeed, Bonilla et al. identified three missense germline 7P53 variants in human
sporadic BCCs (?”, While it remains to be determined, incorporation of these missense variants
into mouse models may yield new insights into BCC biology.

1.3.6 Cellular origin of BCC

Over the past 30 years, many research groups have generated multiple mouse models that
either conditionally inactivate Ptchl or activate SmoM?2 in skin epidermal stem cells or hair
follicle stem cells (104106, 112 128-136) " Thege results have reported discrepancies for the cellular
origin of BCCs; however, it is probable that there could be multiple cellular origins for BCC
tumor development. For example, Youssef et al. induced BCC-like tumors using SmoM?2 and

demonstrated that tumors primarily arise from the interfollicular epidermis !3%. In contrast,



Grachtchouk et al. demonstrated that BCC-like tumors can arise from hair follicle stem cells
using a truncated activated form of GLI2 (GLI2AN) 2. Conclusions from Peterson et al. and
others have observed hair follicle stem cells and mechanosensory touch dome epithelia give rise
to BCC-like tumors upon deletion of Prchil (194 130135131 Interestingly, hair follicle derived
tumors develop nodular tumors and share similar stem cell markers in the hair follicle, whereas
epidermal derived tumors resemble more superficial-like (3%, Altogether, these data could
explain the various subtypes observed in humans.

As summarized in Table 1-1, mouse models have provided critical understanding into the
genetics and cellular origin of BCC. As mentioned already in this section, perturbations in Shh,
GLI transcription factors, Ptch1, SMO, and Sufu all play critical roles in BCC development. As
time continues and additional models become more refined, ongoing studies have already started
to model how various mutations beyond Hh play a causative role in BCC tumorigenesis. Indeed,
recent exome sequencing studies have revealed that BCCs possess the highest mutational burden
of all cancers, with 50-75 mutations/MB in sporadic BCCs and 21-33 mutations/MB in Gorlin
BCCs ©7- 138140 The immense mutational burden seen in BCC suggests there are multiple
opportunities for other genetic factors to collaborate with Hh signaling to promote BCC
progression. As I describe in the next section and in chapter 2, many reports have suggested
additional crosstalk / non-canonical signaling pathways collaborating with Hh signaling in BCC.
1.4 Crosstalk / Non-canonical pathways in BCC
1.4.1 Introduction

Previous and recent studies have identified additional crosstalk / non-canonical pathways
that synergize with the Hh pathway in BCCs. Our growing knowledge of these pathways in
BCC include Notch, Wnt / B-catenin, Hippo, receptor tyrosine kinases (RTKs), G protein-
coupled receptor (GPCRs), atypical protein kinase ¢ (aPKC), mammalian target of rapamycin
(mTOR), transforming growth factor-f3 (TGF-f), and serum response factor (SRF) (Figure 1-3).
In this section, I will briefly describe how each pathway modulates BCC tumorigenesis, drug
response and resistance.

1.4.2 Notch

The Notch signaling pathway is a conserved cell-cell signaling cascade that regulates a
wide range of tissues. In mammals, there are four notch receptors (Notch1-4) and five Notch

ligands (delta-like 1-3, jagged1-2) (41, This pathway is activated by cell-cell contact between
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these receptors and ligands. The receptor-ligand binding results in downstream cleavage of the
Notch receptor, which releases an activated Notch intracellular activated domain (NICD). NICD
is then able to enter the nucleus and bind with RBPJ, allowing co-activators like mastermind-like
(MAML1), to drive Notch target gene expression. Canonical Notch target genes include Hes and
Hey family members. In the skin epidermis, Notch is an established modulator of terminal
differentiation *V. Notch receptors are expressed in the differentiating layers of the epidermis,
hair follicles, and activated cells primed for differentiation. When Notch signaling is ablated by
deleting Rbpj in the epidermis, this results in impaired epidermal and hair follicle differentiation
(142) " Furthermore, Moriyama et al. demonstrated Hes1 modulates cell specification of spinous
and granular cell differentiation during epidermal development 143,

Notch is a well-established tumor suppressor in the skin. Early evidence by Nicholas et
al. and Demehri et al. defined the tumor suppressive role for Notch signaling in the skin (144149,
Nicholas et al. reported Notch-deficient mice develop occasional BCCs late in life and these
tumors display increased expression of Glil, Gli2, Ptchl, and Shh. Demerhi et al. generated
mice expressing the Msx2 promoter-driven Cre to target deletion of Notchl (Msx2-Cre; Notchl
mice) and observed occasional BCC-like tumors develop around 20 months of age. Msx2-
Cre;Notchl mice also exhibited significant stromal hyperplasia and increased infiltration of
immune cells.

To evaluate how Notchl-deficient BCCs respond to vismo drug treatment, Eberl et al.
addressed this question 1Y, This study demonstrated that inhibiting Notchl enables tumors to
persist upon drug treatment but does not cause drug resistance. Interestingly, activating Notch
activity promotes tumor regression. In addition, Shi et al. determined Notch signaling is
significantly downregulated in human BCCs and treatment of JAG1 induces cell apoptosis in
vitro 149, Collectively, these data suggest a potential combinatorial treatment strategy to
activate Notch and suppress Hh signaling in BCCs.

1.4.3 Wnt/ p-Catenin

Wnt / -Catenin pathway is a critical regulator of cell fate determination, motility,
polarity, and stem cell biology. Initial discovery of Wnt was reported in the early 1970’s in the
Drosophila gene Wingless (Wg). The mammalian gene, int-1, was later discovered in studies
with oncogenic retroviruses in breast cancer 147, The resulting fusion name Wnt, a combination

of both Wg and int-1, was therefore established !“®. The major hallmark of Wnt pathway
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activation is the translocation of B-Catenin into the nucleus. When Wnt signaling is off,
cytoplasmic B-Catenin is degraded by the Axin, adenomatosis polyposis coli (APC), protein
phosphatase 2A (PP2A), glycogen synthase kinase 3 (GSK3p) and casein kinase 1o (CK1a)
destruction complex (4% 159 When this pathway is activated, Wnt binds to the Frizzled and
Lrp5/6 co-receptor complex, which subsequently leads to cytoplasmic phosphorylation of Lrp5/6
by GSK3pB and CK1a D, This results in the recruitment of Dishevelled (DSH) to inactivate the
degradation complex to allow B-Catenin to enter the nucleus. B-Catenin then binds with LEF /
TCF co-activators to drive target gene expression 2. Canonical Wnt target genes include Lgr5
and Axin2 family members.

Early discovery of activated Wnt / B-Catenin in BCC originated from Yang et al. 153,
Human superficial BCC buds and mouse M2SMO microscopic tumors displayed increased
cytoplasmic and nuclear B-Catenin signaling. Interestingly, these bud-like tumors closely
resembled the embryonic hair germ, reiterating the concept that BCCs share similar properties to
hair follicles. Finally, by incorporating a Wnt pathway antagonist (Dkk1) into SMOM2-
expressing mice, BCC-like buds were inhibited. Similar observations of elevated B-Catenin in
BCCs were also observed by Salto-Tellez et al. %%,

Expanding on the importance of Wnt pathway activation in BCC, Larsimont et al.
determined that Sox9 is required for BCC formation in a Wnt / B-Catenin manner 3%, It was
determined that Sox9 is upregulated during early BCC initiation, which promotes self-renewing
division, suppresses normal differentiation program, and regulates extracellular matrix and
cytoskeleton remodeling. As mentioned previously in section 1.2.4, two recent studies suggest
Wnt" tumor cells persist during vismo treatment, and this population likely drives recurrent
tumor formation upon drug withdrawal. Using either LGK-974 or anti-LRP6 treatment with
vismo partially suppresses BCC regrowth (19519 Collectively, these data all demonstrate how
Whnt signaling modulates BCC and suppression of this pathway may partially reduce tumor
recurrence.

1.4.4 Hippo

Hippo signaling is a critical regulator of tissue growth and organ size 13> 139, This
pathway was originally identified in genetic studies of Drosophila melanogaster as a suppressor
of tissue growth (°7-158) " The major core components of Hippo pathway comprise of two kinases

Mst1/2 and Lats1/2, their adaptor proteins Mob1A/B and Sav1, and the transcriptional co-
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activators Yap/Taz. When the core Hippo kinases are inactive, Yap/Taz then localize into the
nucleus where they canonically interact with TEA domain transcription factor family members
(TEADI1-4) to drive target gene expression. Canonical Hippo target genes include Cyr617 and
Ctgf 5. Hippo pathway activity is inactive when Lats1/2 is phosphorylated and retains
phosphorylated Yap/Taz in the cytoplasm for degradation.

Studies in mice have demonstrated that YAP is required for skin development and

maintenance of stem cell fate in the epidermis (160162,

Loss of YAP reduces proliferation in the
epidermis, whereas SavI”- mice display thickened epidermis - 19 Mechanistically, Silvis et
al. demonstrated deletion of the tumor suppressor a-catenin regulates the localization and activity
of Yap1, highlighting the role of adherent junction proteins in Hippo signaling (!9,
Furthermore, extracellular matrix (ECM) stiffness regulates YAP/TAZ activity and suggests
Hippo activity can be regulated by external mechanical cues (16> 169,

Recent findings have suggested a role for Hippo activity in BCCs (166198 Akladios et al.
reported increased nuclear YAP levels in tamoxifen-inducible K14-CreR;SmoM?2 mice. It was
also demonstrated that YAP activity drives GLI2 nuclear accumulation through p-catenin
activation. Using an alternative model, similar results were observed when using an active
mutant form of YAP (YAP2-5SA-AC). These data suggest a positive reciprocal signaling
network consisting of Hippo, Hh, and Wnt / B-Catenin signaling in BCC. Two follow up studies
later determined that active Hippo signaling is required for BCC initiation as well as SCC
tumorigenesis (1¢7- 19 Debaugnies et al. and Maglic et al. showed the requirement of Yap/Taz
in the pathogenesis of BCC using K14-Cref®:SmoM2 mice. Mechanistically, Maglic et al.
demonstrated that Yap regulates JNK/JUN stability to modulate BCC progression.

Finally, it is well-established that the non-receptor tyrosine phosphatase, PTPN14, serves
as a negative regulator of YAP activity through direct interaction 1173 Indeed, Bonilla et al.
identified loss-of-function PTPN4 mutations in human BCCs ??. Yurchenko et al. further
observed significant increase in nuclear YAP1 localization in human intrinsically resistant BCC
(79 1t was revealed by RNA-seq that TEAD2—-SLC6A16, YAPI-CWFI9L2, and/or C11orf70-
YAPI putative fusions could be an explanation for hyperactivation of Hippo pathway activity.
Collectively, these studies highlight the need to identify targeted therapeutics for Hippo signaling
in BCC.

1.4.5 Receptor Tyrosine Kinases (RTKs)
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Receptor tyrosine kinases are key cell-surface receptors that regulate cell proliferation,
differentiation, migration, survival, and metabolism 7> 179 In humans, there are fifty-eight
known RTK, which are classified into twenty subfamilies. In the presence of signaling
molecules (e.g., growth factors) binding to RTKs, neighboring RTKs will associate together and
crosslink. Crosslinking of RTKs results in phosphorylation and induces various downstream
signal transduction. One of the most studied intracellular signaling cascade triggered by RTKSs is
the mitogen-activated protein kinase (MAPK) cascade 177, MAPK is initiated with the
activation of Ras, a G protein anchored on the plasma membrane. Activated Ras then
phosphorylates the first serine-threonine kinase in the MAPK cascade, followed by subsequent
phosphorylation in the two-remaining serine-threonine kinases. Phosphorylation of these kinases
ultimately drives changes in gene transcription.

The observation of activated RAS/MAPK in BCC originated from Zhao et al. !’®. In
this study, BCC tumors that develop resistance to vismo display high levels of phospo-ERK.
Interestingly, BCC resistant tumors may exhibit characteristics of SCC and this study identified
91% genetic similarity between pretreatment BCC and posttreatment SCC. These data may
suggest that Hh-driven BCC tumors may evolve into RAS/MAPK-driven SCCs and may be one
potential mechanism to evade Smo inhibitor treatment. Kuonen et al. followed up with this
concept and observed an inverse correlation between primary cilia and RAS/MAPK activation in
human resistant BCCs 7. Another follow up study by Kuonen et al. further elucidated how
cFOS mediates BCC to SCC tumor evolution (8%, It was identified that c-FOS concomitantly
activates EGFR/Ras/MAPK signaling and suppression of this signaling pathway reverts SCC
back to BCC. Altogether, these findings may suggest the potential use of MAPK inhibitors
when BCCs “evolve” into SCC.

Epidermal growth factor receptor (EGFR), a prototypical RTK, has also been suggested
in BCC tumorigenesis. Kasper et al. first demonstrated EGFR signaling synergizes with GLI1
and GLI2 via stimulation of RAS/RAF/MEK/ERK signaling pathway in human keratinocytes
(18D Using mouse BCC cell lines, Schnidar et al. observed elevated EGFR mRNA and
significant levels of total and activated tyrosine—p-EGFR protein expression !82). To determine
the in vivo relevance of Hh-EGFR interaction, Eberl et al. generated tamoxifen-inducible K5-
CrefR:SmoM2; EGFR-knockout mice (*?. Indeed, deletion of EGFR in this system reduced

microscopic BCC-like tumors in the ear.
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Finally, anaplastic lymphoma kinase (ALK) is a transmembrane RTK and is a member of
the insulin receptor superfamily. ALK is known to regulate brain and neuronal development
(183) " The initial observation of ALK’s synergistic role in BCCs originated from Ning et al. (139,
This study demonstrated ALK activates GLI1 in parallel with the Hh pathway. Altogether,
RTKSs is reported to modulate tumor progression and may be involved in the transition of BCC to
SCC.

1.4.6 G protein-coupled receptors (GPCRs)

G-protein coupled receptors (GPCRs) are seven-transmembrane proteins that serve
numerous roles in physiological processes, cancer, as well as coordinating cues with stem cell
behavior 83189 Not surprisingly, RNA-seq datasets in mice have identified numerous GPCRs
in various skin keratinocytes and hair follicle compartments (%% In the presence of ligand
binding, GPCRs undergo conformational changes which activate heterotrimeric G proteins.
Activation of heterotrimeric G proteins induces a GDP to GTP exchange in Ga subunits, which
subsequently dissociates from the Gafy complexes, followed by activation of downstream
effectors.

In the skin, well known GPCRs are leucine-rich repeat-containing G protein coupled
receptors (LGRs) and the smoothened frizzled class receptor (SMO). Early studies identified an
upregulation of GPR49 (also known as LGR5/HG38/FEX) in certain cases of BCC and can
modulate tumor formation and proliferation ¥, Another G protein expressed in skin is the
stimulatory alpha subunit Gas (Gnas). Iglesias-Bartholome et al. generated tamoxifen-inducible
K14-Cret®;Gnas-knockout mice and determined deletion of Gas is sufficient to drive stem cell
expansion resulting in BCC-like tumor formation 1°”, Disruption of Gas or protein kinase A
(PKA) promotes cell autonomous Hh and Hippo pathway stimulation, suggesting Gas—PKA
signaling as a non-canonical tumor suppressor.

1.4.7 Atypical Protein Kinase C (aPKC)

Protein kinases are enzymes that catalyze protein phosphorylation and protein kinase C
(PKC) is a well-studied protein kinase (°!"1%), PKC contains unique cysteine-rich Zn-finger
motifs that can be further classified into different isozymes. Atypical PKC (aPKC) represents
one of these subgroups and has two isoforms, VA and {. All PKC family members usually
require calcium signaling, diacylglycerol, and phosphatidylserine for their activation. However,

it is demonstrated that phosphatidylserine is sufficient for aPKC maximal activity and aPKCs do
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not require calcium *¥, Many studies have also demonstrated aPKCs can be activated through
the phosphatidylinositol 3-kinase (PI3K) pathway, mitogenic, insulin, or apoptotic signaling
pathway (195199,

The first observation of aPKC’s role in BCC was determined in a proteomic screen by
Atwood et al. 1% It was demonstrated that atypical protein kinase C iota/lambda (aPKC VA), a
centrosome-associated protein involved in cell polarity and ciliogenesis, can phosphorylate
GLI1. It was further determined that PRKCI, the gene encoding aPKC VA, was overexpressed in
human primary and resistant BCC. Furthermore, topically treated allografted BCC-like tumors
with an aPKC inhibitor reduced G/i/ mRNA levels and tumor area. To better understand the
role of aPKC /A in BCC, Mirza et al. demonstrated the mechanism in which aPKC /A recruits
histone deacetylase 1/2 (HDAC1/2) to GLI1 to form a positive feed forward loop in the Hh

pathway %0,

It is suggested that aPKC acts as a priming kinase for the deacetylation of GLI1
by HDACI1. Consistent with this result, an additional follow up study by Mirza et al. defined the
role of LAP2 proteins in modulating GLI1 acetylation or deacetylation in BCCs ?°, LAP2a
forms an activating complex with HDACI1 and competes to deacetylate or activate GLI1.
Collectively, these data suggest disrupting the LAP2 chaperoning system, HDAC, and aPKC

may be promising therapeutic targets in BCC.

1.4.8 Mammalian Target of Rapamycin (mTOR)

The mammalian Target of Rapamycin (mTOR) is a critical regulator of cell growth and
metabolism ?%>2%9) mTOR is a serine/threonine protein kinase in the PI3K-related kinase
(PIKK) family. mTOR comprises the catalytic subunit of the two known multi-subunit mTOR
complexes known as mTOR complex 1 and 2 (mMTORC1 / mTORC2). These two complexes
have unique signaling roles in which mTORCI1 regulates cell growth and metabolism, whereas
mTORC?2 controls proliferation and survival. Specifically, mMTORC2 phosphorylates and
activates downstream Akt (also known as protein kinase B) ?*Y. Indeed, there are reports
suggesting synergistic mnTOR/PI3K/Akt pathway and Hh signaling in the regulation of neuronal

precursor cell cycle progression and murine medulloblastoma tumors 293207,

The initial observation of increased Akt in murine BCCs originated from Kim et al. %,
AKT S473 phosphorylation in BCC-like tumors was observed in hairless SKH1-Pztchl™~ mice.
It was further demonstrated that either genetic or pharmacological inhibition of AKT inhibits

BCC growth. A follow up study by Kim et al. further identified mTOR is a direct transcriptional
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target of SOXO9, suggesting that the SOX9-mTOR axis acts downstream of Hh signaling ?%). As
mentioned previously, SOXO9 is reported to be a critical mediator in BCC growth (132 133),
Consistent with these initial observations, two recent studies by Chow et al. also suggest the role
of mTOR and PI3K in BCCs ©?!%-21D [t was demonstrated that mTOR promotes aPKC activation
but is likely promoting tumor growth independent of Glil. These data suggest mTOR acts
downstream of the Hh pathway. The second study by Chow et al. further determined PI3K
promotes aPKC- and AKT1-dependent degradation of the cyclin-dependent kinase inhibitor p21.
Altogether, these data suggest a convergence between Hh and mTOR signaling in BCCs.

1.4.9 Transforming growth factor-f (TGFp)

Transforming growth factor-p (TGFp) signaling, which includes three isoforms (TGF-
B1/2/3), are critical mediators of cell proliferation, differentiation, morphogenesis, tissue
homeostasis and regeneration *!%213, The effects of TGFB can be positive or negative and
depends on the cellular context. Activation of TGFP signaling initiates with binding of the
specific dual cell-surface receptors type I and II (TGFBR1 and TGFBR2). Type I receptors can
be subdivided into two subgroups. Group one can activate Smad2/3 by TGF proteins, and
group two activate Smad1/5/8 by bone morphogenetic proteins (BMPs). Smads are the first
responders to pathway activation and serve as transcriptional activators of cell differentiation.
Smads consist of three types, receptor-regulated (R-Smads), common mediator (Co-Smads), and
inhibitory (I-Smads). Upon ligand binding, type II TGFf receptors phosphorylates type 1 TGFp,
which phosphorylates and activates R-Smads (e.g., Smad3). R-Smads bind with Co-Smads (also
known as Smad4) and translocate into the nucleus, where this complex regulates transcription of
TGFP responsive genes. [-Smads (Smad?7) associates with type I TGFf receptor and suppresses
phosphorylation of R-Smads.

The initial observations of TGF activity in BCC originated from Stamp et al. and
Schmid et al. ?'%2!5 It was determined that increased TGFP activity is largely expressed in the
stroma and BCCs display weaker expression of TGFB1. This suggests increased TGFf in the
stroma may induce fibrotic alterations in the tumor microenvironment. In contrast, Gambichler
et al. observed high mRNA expression of TGFB1, Smad3, and Smad7 in BCCs ?'9. In addition,
a report by Fan et al. observed high TGFB2 and concomitant phosphorylation of Smad2/3 in
K14-Cre;SmoM?2 tumors and surrounding stroma ?!7. Although these reported data suggest
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discrepancies for TGFB1 or TGFB2 expression in BCC, it likely suggests TGFf/Smad signaling
plays both autocrine and paracrine roles in BCCs and in the stroma.

Finally, a recent study by Kuonen et al. demonstrated a role for TGFp, fibronectin, and
integrin a5B1 in the pathogenesis of aggressive infiltrative BCC ?'®. Mechanistically,
fibronectin promotes BCC migration through integrin a581 and drives downstream
phosphorylation of focal adhesion kinase (FAK). It was further demonstrated that inhibition of
phosphorylated FAK (PF-562271) or inhibition of a5p1 (K34C) suppressed TGFp activity.
Altogether, these data define the significance of TGFP and Hh signaling in BCC.

1.4.10 Serum response factors (SRF)

Serum response factors (SRF) are transcription factors known to associate with the
cofactors ELK1 or MKLI1 and 2 (MKL1/2, also known as MRTF-A/B and MAL). This
association then drives transactivation in a cell- and context-specific manner ¢!%222, A
secondary pathway that converges upon SRF occurs through Rho-dependent changes in actin
dynamics ?**22Y_ RhoA subsequently activates downstream Rho-associated protein kinase
(ROCK) and mammalian homolog of Drosophila diaphanous (mDIA) to cause restructuring of
globular actin to filamentous actin. The restructuring to filamentous actin therefore allows the
translocation of MKL1/2 into the nucleus to drive target gene expression.

The first observation for SRF-MKL activity in BCC originated from Whitson et al. 2%,
Using the Feature Overlapper for Chromosomal Interval Subsets (FOCIS) and Gene Set
Enrichment Analysis (GSEA) algorithms, SRF was the top hit candidate as a putative GLI1
cofactor in resistant BCCs. It was further determined that SRF-MKL complex is required for
maintained elevated expression of Hh target genes. Treatment with the MKL1 inhibitor (CCG-
203971) suppressed resistant tumor growth. To further define active nuclear MKL in resistant
BCCs, Yao et al. identified three prognostic surface markers using single-cell RNA sequencing
(226 By separating MKL-active BCC cells by fluorescence-activated cell sorting, the top three
enriched surface markers for this resistant cell population included, LYPD3, TACSTD2 (also
known as TROP-2), and LY6D. Yao et al. further showed AP-1 mediates chromatin
accessibility and drives nuclear MKL activity. This study provides the rationale to explore AP-1
inhibitors to target resistant BCCs. Altogether, these data highlight how SRF-MKL activity
modulates BCC resistance and therapy.

1.5 CD200 signaling and BCC
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In this short section, I will briefly introduce the cell surface glycoprotein CD200. CD200
is highly expressed in the hair follicle and is thought to suppress inflammation and confer
immune privilege #27-228. CD200 is broadly expressed in both hemopoietic and non-
hemopoietic cells, thymocytes, neurons, some T cells, and dendritic cells ?*-239. CD200 is a
ligand and binds to immune cells that express the receptor for CD200 (CD200R) to induce
intracellular signaling. In mice, there are three related CD200R-like homologues, whereas
humans consist of CD200R and hCD200La ** 23D In murine epidermis, Rosenblum et al.
demonstrated CD200R is expressed on Langerhans cells and activated dendritic epidermal T
cells ®32. Furthermore, Cherwinski et al. identified CD200R on mast cells, macrophages,
dendritic cells and T cells in murine and human skin 33, Finally, CD200 is preferentially
expressed in the outer root sheath of the hair follicle and suggest the communication between
hair follicles and immune cells is regulated by the interaction of CD200-CD200R 234,
Collectively, the CD200-CD200R interaction is thought to reduce inflammation, prevent hair
follicle-specific autoimmunity and may protect epidermal stem cells from autoimmune
destruction (reviewed in ?2%).

The initial observation for CD200 expression and its role in BCC tumorigenesis
originated from Colmont et al. ®3%. Peterson et al. later observed murine BCC tumors express
CD200 and Ptchl-deficient keratinocytes express high CD200 expression (139, Altogether, these
data raise some immediate questions. Does suppression of CD200 affect hair regeneration, BCC
initiation, or pre-existing advanced BCC? In chapter 4, I address if inhibiting CD200 suppresses
tumor initiation and describe preliminary experimental results in more detail.

1.6 Dissertation summary

A combination of mouse models, molecular biology tools, and genomic sequencing
approaches has significantly advanced our knowledge for BCC in the past 30 years. Much of
this work focused on identifying how each component of the Hh pathway contributes to BCC
development. My thesis aims to shed light on other aspects of BCC biology that are less
understood, including the specific genetic factors that allow dormant BCC-like tumors to
progress into macroscopic disease. Recent deep sequencing studies have revealed sun-exposed
skin can tolerate high rates of mutations (3% 149 In chapter 2, I evaluate what acquired
secondary mutations allow tumor cells to escape tumor dormancy ?*®. In chapter 3, I developed

a BCC mouse model where 7rp53 and Notchl are simultaneously deleted. The use for this

19



model is to understand if concomitant deletion of these genetic factors provides a greater
advantage for tumor cells to progress. I also developed a BCC mouse model where MYCN is
overexpressed in Glil;Ptchl;Notchl-deficient (GPN1) tumors. Additionally, I developed a BCC
mouse model where Mycn is deleted to determine if eliminating a well-established oncogene
provides a disadvantage for tumor cells. In chapter 4, I shift my focus on the role of CD200 in
BCCs. I characterized tumor size and immune markers upon anti-CD200 treatment in tumor-
containing skin. In chapter 5, I optimized the new DNAscope® duplex assay to detect and
visualize GLI1, GLI2, and MYCN copy number in human BCC samples. In chapter 6, I reflect

on key lessons I have learned from my thesis and propose future experiments.
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1.7

Figures

Figure 1-1: Schematic of mammalian hedgehog signaling
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In the absence of Hedgehog (HH) ligand, PTCH localizes to the primary cilium and prevents SMO from entering the cilium.
GLI2 and GLI3 are phosphorylated by PKA, CKI, and GSK3p. Proteolytic cleavage processes GLI3 into a carboxy
terminal truncated repressor form (GLI3R) and degrades GLI2. GLI3R subsequently enters the nucleus and inhibits
transcription of downstream Hedgehog target genes, such as Ptch2, Glil, and Mycn.

In the presence of HH ligand, PTCH is internalized for degradation and allows SMO to traffic into the primary cilium. At
the cilium, SMO activation results in the dissociation of the GLI-SUFU-KIF7 complex, inhibits the formation of GLI3
repressor, and activates GLI2 (GLI2A). GLI2A enters the nucleus to promote transcription of Hedgehog target genes,
whose protein products negatively and positively feedback on this pathway.
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Figure 1-2: Mechanisms for aberrant hedgehog pathway activation
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A. Ligand-independent HH activation is due to inactivating mutations in PTCH1 or SUFU; activating mutations in SMO; or
amplification of GLI activity.

B. In autocrine signaling, tumor cells secrete HH and respond to HH ligands.

C. In paracrine signaling, tumor cells produce HH ligands and activate HH pathway in stroma cells (e.g., Wingless/Wnt,
Vascular endothelial growth factor, and interleukin 6). For example, Vascular endothelial growth factor is a mediator of
angiogenesis and is important for tumor growth (reviewed in ?37).

D. In reverse paracrine signaling, stromal cells produce HH ligands which activate HH pathway in tumor cells. An example of
this mechanism has been demonstrated in malignant lymphoma 3%,
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Figure 1-3: Crosstalk signaling pathways in BCC
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Schematic of the crosstalk signaling pathways in BCC described in section 1.4.
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Table 1-1: Summary of engineered BCC mouse models

BCC Tumor Mouse Model Time of Hh Microscopic lesions advance Reference
activation to macroscopic disease?
K14;Shh Embryonic No aon
K5;SMOM2 (Human) Embryonic No 9
Ptch+/- Embryonic Yes* (UVR exposure (114, 115)
accelerates tumor progression)
Bovine K5;GLI1 (Human) Embryonic Yes a1
Bovine K5;Gli2 Embryonic Yes am
Bovine K5;Gli2AN2 (deleted form of Embryonic No 67
"Gli2")
K5-tTA;TRE-Gli2 Embryonic or Yes (103)
postnatal
Sufu+/- Embryonic No 9
CAGGS-CreER;SmoM?2 P10 No (19)
AK5;SmoM2 Embryonic No (13
K6a-Cre;Ptch11l/fl Embryonic No a1
K14-CreERT;SmoM2-YFP P30-35 No (128)
K14-CreERT;CLEG P30-35 No
K14-CreERT;SmoM2-YFP;Kif3afl/- P30-35 No
K14-CreERT;CLEG;Kif3afl/- P30-35 No
K15-CrePR1;Ptch+/-;p53fl/fl 7.5 weeks Yes (129)
K14-CreER2;Ptch+/-;p53I/fl 7.5 weeks Yes
Bovine K5rtTA;TRE-GLII (Human) P16 No (130
Bovine K5-CrePR;Ptchfl/fl P18-24 No
Lgr5-EGFP-CreERT2;Ptchfl/fl P14-20 No
K15-CrePR;SmoM2-YFP 7.5 weeks No (30
K15-CrePR1;rtTA;tetO-GLI2AN (human) 7-8 weeks Yes 12)
Lgr5-EGFP-CreERT2;rtTA;tetO-GLI2AN 7-8 weeks Yes
(human)
K14-rtTA;tetO-GLI2AN (human) 7-8 weeks Yes?*
K5-CreER;1tTA;tetO-GLI2AN (human) 7-8 weeks Yes
K5-CreER;SmoM2 P28 No (132)
K14-CreESR1;Sufufl/fl;Kif7{l/1l 8 weeks No (120)
K5-Cre;Ptch1l/l Embryonic No
K14-CreER;Ptch1fl/fl P28 No (134)
K14-CreER;SmoM2-YFP P23-28 No
K14-CreER;SmoM2-YFP 6 weeks No (33
K14-CreER;SmoM2-YFP;Sox91l/l 6 weeks No
K14-CreERT;Ptch1fl/fl 8 weeks No (3s)
Glil-CreERT2;Ptch1{l/fl 8 weeks No
Hes1-CreERT2;Ptch1{l/fl 8 weeks No
Lrigl-CreERT2;Ptch1{l/fl 8 weeks No
K14-CreERT;Ptch111/1;pS311/f1 8 weeks Yes?* (study only looked at
microscopic tumors)
Glil1-CreERT2;Ptch1fl/fl;Notch1£l/fl 4.5 weeks Yes* (study only looked at (104)
microscopic tumors)
Glil-CreERT2;Ptch1{1/fl;p5311/f1 4.5 weeks Yes* (study only looked at
microscopic tumors)
Glil-CreERT2;SmoM2-YFP 4.5 weeks No
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(105)

K14-CreER;SmoM2-YFP;Lgr5-DTR-GFP 7 weeks No
K14-CreER;Ptch1{l/fl;Lgr5-DTR-GFP 7 weeks No
K14-CreER;Ptch1fl/fl;p53f/fl Unknown Yes?* (study only looked at (106)
(Reported Cre microscopic tumors)
leakiness)
Ptch+/- (SKH-1 mice) Embryonic Yes?* (209)
K14-CreER;SmoM2-YFP;Yapfl/fl P24 No (168)
K 14-CreER;SmoM2-YFP;Yapfl/f;Tazfl/fl Unknown No (167)
Glil-CreERT2;Ptch1l/f;TRE-MYCN 8 weeks Yes In this thesis (Chapter 2)
Glil-CreERT2;Ptch1{l/fl;Myenfl/fl 8 weeks No In this thesis (Chapter 3)
Gli1-CreERT2;Ptch1{l/fI;Notch1;p53fl/l 8 weeks Yes In this thesis (Chapter 3)
Glil-CreERT2;Ptch1fl/fl;Notch1;TRE- 8 weeks Yes In this thesis (Chapter 3)

MYCN
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Chapter 2: Basal Cell Carcinomas Acquire Secondary Mutations to Overcome Dormancy
and Progress From Microscopic to Macroscopic Disease!

2.1 Summary

Basal cell carcinomas (BCCs) frequently possess immense mutational burdens; however,
the functional significance of most of these mutations remains unclear. Here, we report that loss
of Ptchl, the most common mutation that activates upstream Hedgehog (Hh) signaling, initiates
the formation of nascent BCC-like tumors that eventually enter into a dormant state. However,
rare tumors that overcome dormancy acquire the ability to hyperactivate downstream Hh
signaling through a variety of mechanisms, including amplification of G/i1/2 and upregulation of
Mycn. Furthermore, we demonstrate that MYCN overexpression promotes the progression of
tumors induced by loss of Ptchl. These findings suggest that canonical mutations that activate
upstream Hh signaling are necessary, but not sufficient, for BCC to fully progress. Rather,
tumors likely acquire secondary mutations that further hyperactivate downstream Hh signaling in
order to escape dormancy and enter a trajectory of uncontrolled expansion.
2.2 Introduction

Our skin is exposed to the mutagenic effects of ultraviolet (UV) radiation on a daily basis.
While UV exposure is a major risk factor for skin cancer, recent deep sequencing studies have
revealed that clinically normal, sun-exposed skin can tolerate surprisingly high rates of mutation
without forming tumors (). Indeed, previous studies have suggested that keratinocytes that
acquire cancer-associated mutations may be actively eliminated from the skin, or may persist and
carry out normal physiological functions -?. Why certain tumor-initiated cells fail to maintain
dysmorphic growth, whereas others display unbridled proliferation, currently remains unclear.

A tumor that arises more frequently than any other is basal cell carcinoma (BCC), the

world’s most common cancer ®?. Consistent with the high mutational rates caused by UV

exposure, most BCCs arise sporadically in sun-exposed skin; however, Gorlin syndrome patients

! Originally published as: Trieu et al., Basal Cell Carcinomas Acquire Secondary Mutations to Overcome Dormancy
and Progress From Microscopic to Macroscopic Disease, Cell Reports (2022),
https://doi.org/10.1016/j.celrep.2022.110779. This chapter has been revised to follow thesis formatting.
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who inherit one defective copy of PTCH1 are predisposed to forming numerous BCCs (%12,
Although rarely lethal, the ubiquity of BCC, which is diagnosed in over 5 million patients
annually, represents a quality of life issue for many patients and poses a major burden on our
healthcare system (American Cancer Society statistics, 2021).

Dysregulated Hedgehog (Hh) signaling is the key feature that drives all BCCs (%),
Normally, Hh signaling is suppressed by PTCH1, whose main function is to inhibit SMO, an
upstream activator of the pathway. Upon binding to Hh ligands, PTCHI1 is itself inactivated,
allowing SMO to signal through GLI transcription factors to induce target gene expression.
These targets include those that encode cell cycle regulators, such as MYCN and CCND1, as well
as core components of the Hh pathway, such as GLII, PTCHI and PTCH?2, which provide both
positive and negative feedback (417

BCCs are classically driven by mutations that activate upstream Hh signaling, either
through loss-of-function mutations in PTCH1 (~70% of tumors) or gain-of-function mutations in
SMO (~10-20% of tumors). However, BCC is also the most highly mutated cancer, with 50-75
mutations/Mb in sporadic tumors, and 21-33 mutations/Mb in Gorlin tumors #2D_ Not
surprisingly, mutations in the Hh pathway (PTCH1, SMO, SUFU, GLI1/GLI2, MYCN) arise
frequently, as do mutations in 7P53, Notch signaling (NOTCH1, NOTCH?2) and Hippo signaling
(YAPI, PTPN14, LATS1/LATS2) %2223 These recurrent mutations suggest that tumors
initiated by loss of PTCHI or oncogenic SMO may require additional genetic changes to override
tumor suppressive controls in the skin; however, this remains to be proven.

BCC is among the most highly mutated cancers (", but this immense mutational burden
also complicates the ability to distinguish functional mutations from random passenger
mutations. To circumvent this problem, we generated simpler BCC mouse models that allow
rare macroscopic tumors to form alongside numerous failed microscopic lesions. By comparing
tumors that succeed against those which fail, we identify secondary changes that enable nascent
tumors to progress to macroscopic disease.

2.3 Methods
2.3.1 Animal Models

Unless otherwise indicated, 8 week-old mice were induced with a single intraperitoneal
injection of tamoxifen (TAM) at 5 mg/40 grams body weight. GPT mice were induced with

TAM and later transferred to 200 mg/kg doxycycline-containing chow for 12 weeks. For animal
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strain information, please see the Key Resources Table (Table 2-1). All studies were performed
on mice of both genders in a mixed genetic background, using littermate animals for
comparisons whenever possible. All mice were maintained in specific pathogen free housing
and were used in accordance with regulations established by the University of Michigan Unit for
Laboratory Animal Medicine.

2.3.2 Human Studies

De-identified human BCC samples embedded in paraffin were obtained through study
protocol HUM00042233, HUM00075822 and HUMO00051875, in accordance with procedures
approved by the Institutional Review Board at the UM Medical School.

2.3.3 Immunofluorescence

Skin biopsies were fixed in 3.7% formalin overnight for paraffin embedding. For frozen
sections, samples were fixed in 3.7% paraformaldehyde at 4°C for 1 hour, rinsed in PBS, sunk in
30% sucrose overnight and embedded into OCT. Frozen sections were probed with antibodies
against the following antigens: p21 (1:100, Cell Signaling) and p16 (1:100, Invitrogen).
Paraffin sections were antigen-retrieved by boiling slides in I mM EDTA, pH 8.0, for 10
minutes, and probed with antibodies against the following antigens: K14 (1:1,000, Biolegend),
Ki67 (1:100, Cell Signaling and BD Biosciences), a smooth muscle actin (1:500, Cell Signaling),
cleaved caspase-3 (1:100, Cell Signaling) and luciferase (1:1000, Novus). Staining was
amplified using the TSA Fluorescein Plus kit for antibodies against the following targets: p53
(1:5000, Novocastra), NICD (1:500, Cell Signaling) and Mycn (1:500, Cell Signaling).
Amplification was performed for 2 minutes, 4 minutes and 10 minutes, respectively, following
manufacturer’s instructions. Image processing was performed using Adobe Photoshop with the
Auto-Blend feature applied to maximize image sharpness across focal planes.

2.3.4 RNA in situ Hybridization

RNA in situ staining was performed using the RNAscope 2.5 brown kit (ACD). Paraffin
slides were antigen-retrieved by boiling in RNAscope retrieval buffer for 15 minutes, treated
with protease for 30 minutes and incubated with target probes at 40°C for 2 hours. Probe
detection was performed according to manufacturer’s instructions. Paraffin slides were
counterstained with hematoxylin. Please see the Key Resources Table (Table 2-1) for
information on RNAscope probes.

2.3.5 LacZ Visualization
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Frozen sections were incubated at 37° C in 1 mg/ml X-gal dissolved in 5 mM potassium
ferrocyanide and 5 mM potassium ferricyanide for 30 minutes, and counterstained with nuclear
fast red.

2.3.6 Phorbol ester treatment

100 pL of 12-O-Tetradecanoylphorbol-13-acetate (TPA, Sigma) dissolved at a
concentration of 0.25 mg/mL in ethanol was topically applied onto shaved GP and GPN1 mice
for 2 consecutive days. Two days after treatment, dorsal skin was collected.

2.3.7 DNA extraction

DNA was harvested using the DNeasy Blood & Tissue kit (Qiagen). Tumor and paired
liver samples (15-25 mg) were minced in ATL buffer containing proteinase K and incubated
overnight at 56°C. The next day, digested tumor and liver samples were processed according to
the manufacturer’s instructions.

2.3.8 Whole Exome Sequencing (WES)

WES was performed on macroscopic GPP53 and GPN1 tumors, and on matched liver
samples. All sequencing and analyses were performed by Novogene. Briefly, 1 ug of DNA was
used for library preparation using the Agilent SureSelectXT Mouse All Exon kit. Fragmentation
was performed to generate 180-280 bp fragments and assessed on the Agilent Bioanalyzer 2100
system for quality control. Captured libraries were sequenced using Illumina NovaSeq 6000.
Reads were aligned with Burrows-Wheeler Aligner (BWA; v0.7.17) using the mm10 reference
genome. Conversion to BAM files was performed using Picard (v2.18.9). Single-nucleotide
variants (SNVs) and InDels were identified by GATK (v4.0), followed by ANNOVAR to
annotate variants. Somatic SNVs and InDels were identified by MuTect and Strelka,
respectively. Somatic copy number variants (CNVs) were called by Control-FREEC (v11.4),
using the setting minCNAlength parameter = 2. Low confidence CNV changes annotated as
“genomic superduplications” with CNV =1 or 3 were omitted from analyses. CNV plots were
generated using CNVkit with default settings.

2.3.9 Tumor measurements

Tumor area was quantitated from 3 representative fields per sample, and an overall
average was calculated for each animal and timepoint. Final values were normalized relative to

that of tumors, 5 weeks post-TAM. TD tumors were quantitated by inspecting ~1 cm of skin
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H&E histology, and normalizing to the length of the section. Cell proliferation was quantitated
from 3 representative fields per sample and expressed as the percentage of Ki67+ tumor cells /
K14+ total tumor cells. p53+ tumor cells were counted at the tumor periphery (basal) or interior
(suprabasal) compartments. Three random fields were assessed for each sample, and a single
average was calculated for each animal and compartment. Similar methods were used to
quantitate Mycn and Ki67 overlap.

2.3.10 Quantifying in situ intensity

The Color Threshold function in ImageJ was used to highlight areas of staining and to
filter out background. The total signal area was then measured using the Analyze Particles
function. For Ptch2, the total signal area was divided by the total number of tumor cells to
obtain the average signal per cell. For Mycn, Mycl and Myc, the signal area was quantitated
separately for the basal and suprabasal compartments.

2.3.11 Statistics

For comparisons between two groups, an unpaired t-test was performed to calculate
statistical significance. A Wilcoxon rank sum test with continuity correction was used to
calculate p values for non-parametric data depicted by box and whisker plot. For comparisons
with greater than two groups, one-way ANOVA with posthoc test (Tukey's method) was
performed. For beeswarm plots, statistical significance was calculated using a linear mixed
model using the Ime4, ImerTest and emmeans packages on R.

2.3.12 Data and Code Availability

WES data generated for this study are available through the NCBI Sequence Read
Archive (BioProject: PRINA782990).
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Table 2-1: Key Resources Table for Chapter 2

REAGENTS or RESCOURCES | SOURCE | IDENTIFIER
Antibodies

Rabbit anti-cleaved caspase-3 Cell Signaling Cat # 9661
Chicken anti-K14 Biolegend Cat # 906004
Mouse anti-Ki67 BD Biosciences Cat # 550609

Rabbit anti-Ki67

Cell Signaling

Cat # 122028

Goat anti-luciferase

Novus

Cat # NB100-1677SS

Rabbit anti-NICD Cell Signaling Cat # 4147P

Rabbit anti-N-Myc Cell Signaling Cat # D4B2Y

Mouse anti-p16 Invitrogen Cat # 1E12E10
Rabbit anti-p21 Cell Signaling Cat # 2947T

Rabbit anti-p53 Novocastra Cat # NCL-p53-CM5p

Rabbit anti-smooth muscle actin

Cell Signaling

Cat # 19245T

Biological Samples

Mouse tissue samples, obtained in
accordance with guidelines established
by the University of Michigan Unit for
Laboratory Animal Medicine

This manuscript

Human BCC samples, obtained with
informed consent and approved by the
Institutional Review Board at the
University of Michigan Medical
School

This manuscript, University of
Michigan Departments of Dermatology
and Pathology

Chemicals, Peptides, and Recombinant Proteins

Doxycycline chow (200 mg/kg) BioServ Inc Cat # S3888

Nair hair removal lotion Nair Cat # BOOIE6OAMS
Nuclear fast red Sigma Cat # N3020-100ML
Tamoxifen Sigma Cat # T5648-1G

X-Gal Roche Cat # 10651745001
Critical Commercial Assays

DNeasy Blood & Tissue Kit Qiagen Cat # 69504
RNAscope 2.5 HD Reagent Kit- ACD (RNAscope) Cat # 322310
BROWN

RNAscope 2.5 Pretreat Reagents-H202 | ACD (RNAscope) Cat # 322330

and Protease Plus

RNAscope Target Retrieval ACD (RNAscope) Cat # 322000
RNAscope Wash Buffer ACD (RNAscope) Cat # 310091

TSA Fluorescein Plus Kit Akoya Biosciences Cat # NEL741E001KT
Deposited Data

WES data | This manuscript | BioProject: PRINA782990

Experimental Models: Organisms/Strains

Mouse: Gliltm3(re/ERT2AL (Gli]- The Jackson Laboratory 4 Cat # 007913

CreFRT2)

Mouse: Lrig]tm!1(re/ERT2)Rie (] rig] - The Jackson Laboratory %) Cat#018418

CrefRT2)

Mouse: Ptch]mHahn (pich | flox) The Jackson Laboratory ?®) Cat # 012457

Mouse: The Jackson Laboratory ¢7) Cat # 005130

Gt(ROSA)26Sortm!(Smo/EYFP)Ame/y

(SmoM2)

Mouse: Notch1m2Rko/Gridl (Notch [ flox) The Jackson Laboratory @% Cat # 007181

Mouse: Trp53mIBm (p53flex) The Jackson Laboratory ?% Cat # 008462

Mouse: Gt(ROSA)2650tmI(MTAEGFP)Nagy | The Jackson Laboratory G0, Cat # 005572
Laboratory of Dr. Anj Dlugosz

Mouse: TRE-MYCN/Luciferase Laboratory of Dr. William Weiss ¢! N/A

Oligonucleotides

In situ probe: mGlil ACD (RNAscope) Cat # 311001

In situ probe: mGli2 ACD (RNAscope) Cat # 405771
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In situ probe: mPtch2 ACD (RNAscope) Cat # 435131

In situ probe: mMycn ACD (RNAscope) Cat#477151

In situ probe: mMycl ACD (RNAscope) Cat # 552711

In situ probe: mMyc ACD (RNAscope) Cat # 413451

Software and Algorithms

Imagel NIH https://imagej.nih.gov/ij/
AxioVision, Version 4 Carl Zeiss https://www.micro-

shop.zeiss.com/en/us/

GraphPad Prism 7

GraphPad Prism Software

https://www.graphpad.com/scientific-
software/prism/

Burrows-Wheeler Aligner

(32)

http://bio-bwa.sourceforge.net/

Picard Broad Institute https://broadinstitute.github.io/picard/

GATK G3) https://gatk.broadinstitute.org/hc/en-us

MuTect G4 https://software.broadinstitute.org/canc
er/cga/mutect

Strelka G3) https://github.com/Illumina/strelka/blo
b/v2.9.x/docs/userGuide/README.md

Control-FREEC (6) http://boevalab.inf.ethz.ch/FREEC/

CNVKit 67 https://cnvkit.readthedocs.io/en/stable/

ANNOVAR (38,39) https://annovar.openbioinformatics.org
/en/latest/

(40) https://software.broadinstitute.org/soft

Integrative Genomics Viewer (IGV)

ware/igv/
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2.4 Results

2.4.1 Nascent BCC-like tumors driven by hallmark mutations fail to progress

We and others have previously demonstrated that microscopic BCC-like tumors form
efficiently after Ptchl deletion in hair follicle and surface mechanosensory touch dome (TD)
epithelia “!-4?). To further assess the growth kinetics of these lesions, we analyzed mice
expressing tamoxifen (TAM)-inducible Cre recombinase under the control of the G/i/ promoter
(Gli1-CreERT?2), coupled with homozygous Ptchl floxed alleles (GP mice) “*49. As we
previously reported, 5 weeks after TAM administration in GP mice, numerous microscopic
lesions arose from Glil+ stem cells in the hair follicle and TD (Figure 2-1A-C). Hair follicle-
associated tumors resembled nodular BCC, whereas TD-derived tumors possessed features
reminiscent of infundibulocystic BCC and fibroepithelioma of Pinkus.

To examine the long-term fates of these nascent tumors, we collected serial biopsies up to
17 weeks post-TAM. Unexpectedly, we observed that hair follicle-associated lesions
spontaneously regressed over time, leaving behind small residual tumor nests (Figure 2-1A-B).
In no instance did we observe macroscopic tumors in any GP mice (Figure 2-1A). By contrast,
TD-derived tumors neither progressed nor regressed between 12-17 weeks post-TAM, although
we occasionally observed ~1 mm diameter papules that did not enlarge over time (Figure 2-1C-
D). Macroscopic tumors failed to appear even when we followed GP mice up to 25 weeks post-
TAM (Figure 2-8A).

To determine whether the lack of tumor progression is generalizable to lesions
originating from other stem cell populations, we also targeted Lrigl+ hair follicle stem cells for
Ptchl deletion (LP mice) “Y. Similar to above, we observed nascent microscopic lesions in LP
mice, but no macroscopic tumors (Figure 2-1E-F). Finally, we assessed tumor formation
following overexpression of a constitutively active form of Smo (SmoM2), targeted to either
Glil+ or Lrigl+ stem cells “®. Again, abundant microscopic BCC-like tumors emerged, but no
macroscopic tumors (Figure 2-1G). Altogether, these findings demonstrate that nascent tumors
initiated by either loss of Ptch1 or gain of Smo fail to progress in the most widely studied models
of BCC (Figure 2-1H).

2.4.2 Nascent BCCs become dormant despite constitutively elevated Hh signaling

Sporadic BCCs often arise in aged skin, which undergoes epidermal and dermal changes

over time “7). To better characterize our BCC model, we asked whether aging confers a
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permissive environment for GP tumors to progress. We induced Ptchl deletion in young or
older mice at 4 or 25 weeks of age, respectively, and assessed tumor kinetics relative to animals
induced at 8 weeks of age, our standard starting point (Figure 2-2A). In all cases, we observed
abundant microscopic tumors at 5 weeks post-TAM, followed by spontaneous regression of hair
follicle-associated tumors at 12-17 weeks post-TAM (Figure 2-2B-D). As before, no
macroscopic tumors emerged. These findings indicate that the relative age of the tumor (time
after initiation), rather than the absolute age of the animal, likely determines regression kinetics
in our system.

Since BCCs regress in response to pharmacological inhibition of Hh signaling “®, we
next asked whether spontaneous tumor regression occurs due to the inability to maintain high
level Hh signaling. To measure downstream pathway activity, we incorporated a Glil-
responsive f-galactosidase (LacZ) allele into GP mice and assessed LacZ activity.
Alternatively, we quantitated mRNA in sifu for the canonical Hh target gene, Ptch2. In both
cases, we found that Hh pathway activity is maintained even in regressed residual tumors
(Figure 2-2E-F).

Further characterization of regressing tumors revealed that proliferation is significantly
reduced between 12-17 weeks post-TAM (Figure 2-2E) , concordant with previous findings in
Ptchl-deficient skin lesions “°). This reduction was observed in both hair follicle- and TD-
derived tumors in GP mice (Figure 2-2G-H), as well as in hair follicle-derived tumors in LP and
SmoM2 mice (Figure 2-21I, Figure 2-8B-C). Notably, regressed GP tumors were not apoptotic
and did not express classic markers of senescence, such as p16 and p21 (Figure 2-9A-B).
Interventions such as treating the skin with a phorbol ester tumor promoter failed to restore
proliferation, while depilation caused hair follicles to enter the anagen growth phase without
affecting neighboring regressed lesions (Figure 2-9C-D). These findings indicate that nascent
tumors initiated by deletion of Ptchl eventually become suspended in a dormant state where
cells are neither highly proliferative, apoptotic nor senescent—features that somewhat resemble
those of dormant hair follicle stem cells.

2.4.3 Nascent tumors exhibit hair follicle progenitor-like organization and persist upon Notchl
deletion

Given the parallels between spontaneously regressed GP tumors and slow-cycling hair

follicle stem cells, we next investigated whether, conversely, nascent proliferating tumors might
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resemble growing hair follicles. Indeed, we previously reported that BCCs can possess two
molecularly distinct cellular sub-compartments: peripheral basal layer cells with high Hh
pathway activity, and interior suprabasal tumor cells with elevated Notch signaling, as assessed
by staining for cleaved Notch1 intracellular domain (NICD) ©? (Figure 2-3A). Notably, these
features are recapitulated in the normal growing hair follicle bulb, where basal layer matrix
progenitor cells exhibit high Hh target gene expression and give rise to NICD+ suprabasal
progeny (Figure 2-3B-C).

NOTCH1/2 are among the most frequently mutated genes in BCC, and we previously
showed that loss of Notch1 enables tumors to persist when Hh signaling is inhibited
pharmacologically ®. To test whether Notch also modulates tumor dormancy, we generated GP
mice harboring additional homozygous Notchl conditional deletion alleles (GPN1 mice) ®V. In
contrast to GP mice, GPN1 animals developed extensive microscopic hair follicle-associated
lesions that did not undergo spontaneous regression (Figure 2-3D-E). In spite of their increased
persistence, however, these tumors still reduced their proliferation over time, which was again
not reversible by phorbol ester treatment (Figure 2-3F, Figure 2-10A). Overall, these findings
indicate that losing Notch1 promotes tumor persistence, but does not enable these lesions to
escape dormancy. Thus, even after developing substantial microscopic tumor burdens which
persisted up to 17 weeks post-TAM, GPN1 mice were largely devoid of macroscopic BCC-like
tumors, with rare exceptions (Figure 2-3G, Table 2-2), which we will discuss in greater detail
below.

2.4.4 Loss of p53 is not sufficient to drive BCC tumor progression

TP53 is also commonly mutated in BCC, and loss of Trp53 promotes tumorigenesis in an
irradiated model of BCC; however, the mechanism by which p53 modulates BCC progression
remains unclear >4, Indeed, our previous studies demonstrated that deleting Trp53 neither
affects initial tumor formation nor drug-induced regression ©?. To examine whether loss of p53
affects later stages of tumor progression, we first confirmed that p53 is highly expressed in basal
layer cells in GP tumors, which again mimics the expression pattern seen in basal matrix
progenitors in the normal growing hair follicle > (Figure 2-4A-C).

We next generated GP mice harboring homozygous 7rp53 conditional deletion alleles
(GPP53 mice) ©®, and observed that nearly all microscopic GPP53 lesions still underwent

spontaneous regression (Figure 2-4D-E). As seen in GP and GPN1 mice, GPP53 tumors
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similarly exhibited reduced proliferation over time (Figure 2-4F), and we confirmed that
dormant regressed lesions deleted p53, as expected (Figure 2-4D). Along with our previously
published data ®9, these findings suggest that losing p53 does not affect tumor initiation,
persistence, dormancy or drug-response. In contrast to GPN1 mice above, GPP53 animals
harbored lower microscopic tumor burdens following spontaneous regression. Nonetheless,
most GPP53 mice developed at least one macroscopic tumor between 12-17 weeks post-TAM
(Figure 2-4G). Below, we explore the pathological and molecular features that distinguish these
macroscopic tumors from failed microscopic lesions.

2.4.5 Macroscopic tumors vary histologically

Irradiated Ptchl-heterozygous mice have previously been reported to develop multiple
types of skin tumors *37), We therefore assessed the histology of macroscopic tumors from
GPP53 and GPNI1 mice, and determined that most tumors can be classified into 3 categories
(Figure 2-5A): Type 1 tumors most resembled human BCC and formed dense basaloid nests
with peripheral palisading. Rare Type 2 tumors had myoepithelial features, such as expression
of a smooth muscle actin (SMA). Finally, Type 3 tumors were comprised of numerous cell
islands with stromal involvement, reminiscent of trichoblastoma. Whereas GPP53 mice mostly
developed Type 1 tumors, GPN1 mice formed both Type 1 and Type 3 tumors, with the latter
subtype predominating in mice aged beyond 20 weeks post-TAM. In GPP53 mice, Type 3
tumors displayed extensive Notch pathway activation (Figure 2-5A). The incidence and
distribution of macroscopic tumor subtypes is summarized in Table 2-2. For all studies below,
we focus exclusively on characterizing Type 1 BCC-like tumors.

2.4.6 Macroscopic tumors acquire downstream Hh pathway hyperactivation

What enables rare macroscopic tumors to “break through,” when millions of other Ptchi-
deleted cells in the skin fail to progress? Since the inability to maintain high level proliferation
appears to be a common road block for nascent tumors arising in GP, LP, GPN1, GPP53 and
SmoM2 mice, we reasoned that macroscopic tumors likely acquire mutations that confer
sustained replicative ability. To identify these somatic changes, we performed whole exome
sequencing (WES) on 16 macroscopic GPP53 tumors and 5 GPN1 tumors, along with matched
normal control tissue.

Although overall mutational burdens varied widely among tumors, the dominant genomic

alterations were somatic DNA copy number changes, with far fewer single nucleotide variations
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and insertions/deletions (Figure 2-11A-B, Supplemental Data S1). In particular, we detected
two recurrent amplifications: 7/16 GPP53 tumors acquired copy number gains in regions of
Chromosome 1 encompassing G/i2, while 4/16 GPP53 tumors acquired gains in regions of
Chromosome 10 encompassing Gli/ (Figure 2-5B-D, Figure 2-12A-B). These amplifications
were often accompanied by smaller copy number changes on the same chromosome, and
notably, no tumor exhibited amplification of both G/i/ and G/i2. Since these genes encode the
key transcriptional mediators of Hh signaling, we next validated that GPP53 tumors with
amplified Chromosome 1 possessed increased G/i2 mRNA, whereas tumors with amplified
Chromosome 10 had increased G/i/ mRNA (Figure 2-5E). As expected, regressed microscopic
lesions presumably lacking these mutations had lower levels of both transcripts and displayed
less Hh pathway activation (Figure 2-5E). Overall, these findings are consistent with previous
studies showing that 8% of human BCCs possess GLI1/GLI2 amplifications ??, and that
overexpression of either transcription factor induces BCC formation ©% 39, Thus, a subset of
Ptchli-deficient tumors likely overcome dormancy by independently acquiring the ability to
hyperactivate downstream Hh signaling in our system.

2.4.7 Macroscopic tumors converge upon Mycn upregulation

Although we observed recurrent G/i amplifications, 5/16 macroscopic GPP53 tumors and
5/5 macroscopic GPN1 tumors did not possess either mutation (Figure 2-12A). Working from a
list of 70 commonly mutated genes in BCC compiled by Villani et al. ¢9; from previous studies
(20.2D): a5 well as from the Catalogue of Somatic Mutations in Cancer (COSMIC) database—we
further noted that among the 5 GPP53 tumors without G/i amplification, 3 tumors had copy
number gains in either Yap! or Kif7, or copy number loss of Ptch2 (Figure 2-12A-B). These
changes may potentially explain how 3/5 GPP53 tumors progressed to macroscopic disease,
without amplifying GIi ¢1-69,

For the remaining tumors lacking these mutations, we decided to take a different tack to
understand how they overcame dormancy. We reasoned that all Type 1 macroscopic tumors,
regardless of mutational status, must share certain downstream outputs which set them apart
from failed microscopic lesions. For instance, we confirmed that all GPP53 and GPN1

macroscopic tumors are highly proliferative (Figure 2-6A). We also determined that all Type 1

tumors have reduced Notch signaling (Figure 2-6A). Finally, we noted that all macroscopic
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tumors, regardless of genotype, G/i mutation status or Hh pathway activity, possess high levels
of Mycn (Figure 2-6A).

We next extended these analyses to human BCCs of different subtypes. Indeed, we
observed high proliferation and reduced Notch in most tumors, although a subset possessed
NICD+ cells in the suprabasal compartment, as we have previously noted ®* (Figure 2-6B). In
addition, all tumors had increased MYCN, which was either uniformly high throughout the
tumor or enriched at the basal periphery, as has also previously been reported (Figure 2-6B) >
69 Altogether, we conclude that three characteristics—high proliferation, reduced Notch and
high MYCN—are often seen in BCC. These features are also shared by all Type 1 macroscopic
tumors in our system, irrespective of mutational status.

2.4.8 MYCN overexpression promotes tumor progression

MYCN amplification occurs in 12% of BCCs, while focal mutations that lead to protein
stabilization have been detected in 30% of these tumors % %>, As noted above, nascent GP
lesions resemble growing hair follicles and consistent with this theme, we observed enriched
Myecn protein and RNA in the basal layer of both early tumors and hair follicle matrix
progenitors (Figure 2-7A, Figure 2-13A-C). In contrast, expression of other Myc family
members (Myc, Mycl) was not as highly enriched in these compartments (Figure 2-13A-C). In
GP tumors, cells with high Mycn are more likely to be proliferative (Figure 2-7B-C), suggesting
arole in cell cycle regulation ¢7).

To directly test the role of Mycn in our system, we generated mice expressing G/il-
CreERT?2, coupled with Cre-inducible reverse Tet transactivator (7¢7A4), and a bi-directional
tetracycline-responsive element (TRE)-driven MYCN/luciferase (GT mice) V (Figure 2-7D). In
this system, GT mice are first injected with TAM to activate r¢TA expression, which
subsequently drives MYCN/luciferase overexpression in the presence of doxycycline (DOXY).
Following 12-20 weeks of continuous DOXY treatment, GT mice formed dysmorphic anagen
hair follicles, but no tumors (Figure 2-7E).

Having validated this system, we next incorporated these genetic elements into our
Ptchli-deficient model (GPT mice). Tumors were initiated by TAM and allowed to grow for 5
weeks, before mice were shifted onto DOXY-chow to activate MYCN expression for an
additional 12 weeks. We noted that transgene expression was localized primarily to the tumor

suprabasal compartment (Figure 2-7F-G), which may either reflect biased TRE promoter
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activity or inward movement of transgene-expressing basal layer tumor cells. Regardless, MYCN
overexpression induced massive proliferation in nascent tumors (Figure 2-7F). Strikingly, we
also observed that Notch activation was re-localized away from the tumor suprabasal
compartment, to cells residing just inside of the basal layer, possibly reflecting early suprabasal
cells that express lower levels of the transgene (Figure 2-7G). These results indicate that MYCN
overexpression is sufficient to promote key features of tumor progression—increased
proliferation and reduced Notch—that we observed in human BCC and mouse Type 1 BCC-like
tumors.

Despite these findings, most GPT mice did not form macroscopic tumors, likely because
MYCN overexpression caused increased apoptosis (Figure 2-7F). In 3/15 GPT mice, however,
we observed small palpable tumors, which contained transgene-expressing basaloid cells (Figure
2-7H). We did not allow these lesions to continue growing due to frequent gastrointestinal-
related morbidity in GPT mice. Similar to GPN1 and GPP53 macroscopic tumors, these rare
GPT tumors likely also acquired additional somatic mutations that enabled them to progress.
Collectively, our findings argue that loss of Ptch1 by itself is not sufficient for full BCC
progression, and that secondary mutations—resulting in loss of Notchl or p53, increased Gli,
and/or gain of Mycn—contribute functionally to the critical transition from microscopic to
macroscopic disease.

2.5 Discussion

Our skin is the most highly mutated organ, and mutations in cancer-associated genes such
as NOTCH1/2, TP53 and RAS are frequently detected in photoaged epithelia !>, Previously,
we and others have observed that mutant cells with aberrant Notch1 or p53 can persist long-term
in the epidermis without forming tumors (Figure 2-13D-E, Table 2-3) *:%®_ Targeted
expression of oncogenic Kras in hair follicle stem cells also causes only temporary tissue
disruption that normalizes over time &-®. Along a similar vein and consistent with previous
findings “, we report here that loss of Ptch1 or gain of Smo, both hallmark mutations in BCC,
induces nascent tumors that do not progress.

Given the high failure rate for tumor-initiated cells in the skin, it is likely that both cell-
intrinsic and -extrinsic factors suppress tumor progression. Indeed, an idiosyncratic feature of
the skin is the periodic phases of hair growth and regression, with the anagen growth phase

favoring tumor formation and the telogen resting phase associated with tumor regression (¢ 37-6%-
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D, In our GP model, nascent BCC-like tumors share some resemblance to growing hair
follicles, including basal layer enrichment for multiple factors—high Hh pathway activation,
proliferation, p53 and Mycn—as well as suprabasal activation of Notch signaling (Figure 2-3C).
Thus, it is conceivable that early tumor growth and spontaneous regression are linked to the hair
cycle. However, since regressed tumors in our model remain dormant even during subsequent
anagen, other factors likely cause tumor exhaustion over time.

In mice, the absence of macroscopic BCCs has been a major short-coming of both the
conditional Ptchli-deletion and SmoM?2-overexpression models, confirming that tumors do not
progress regardless of how upstream Hh signaling becomes activated or which Cre driver is
utilized #1-46:52.7279 " Indeed, previous studies have shown that nascent BCC-like tumors
induced by non-targeted Ptchl deletion similarly regress due to macrophage-induced tumor
differentiation “”. During postnatal brain development, Ptchl-heterozygous mice also exhibit
transient hyperplasia in the external granular layer, a site of medulloblastoma formation, that
subsequently regresses ). These data suggest that Hh-activated cells likely encounter steep
obstacles to tumor progression across multiple organ systems.

While our findings in mice indicate that Ptchl loss alone is insufficient for inducing
macroscopic tumors, Gorlin patients can develop numerous BCCs, seemingly arguing that loss of
heterozygosity of a single tumor suppressor, in most cases PTCH1, can lead to palpable tumors.
However, although the average mutational burden in Gorlin BCCs is lower than in sporadic
BCCs 179, the mutational load in Gorlin tumors is still higher than that of many internal
tumors. In addition, 7P53 mutations are present in ~40% of Gorlin BCCs, similar to sporadic
tumors 7%, Finally, Gorlin BCCs can manifest a variety of histologic subtypes ", and Gorlin
patients can also develop basaloid follicular hamartoma (BFH), a benign hair follicle tumor 7%
1) While the connection between BFH and BCC remains unclear, some have speculated that
these neoplasms are variations of the same disease "®. Indeed, previous studies have shown that
downstream Hh signaling strength can modulate BFH versus BCC tumor phenotype in mice "
™. Altogether, these data suggest that secondary somatic mutations likely play functional roles
in modulating tumor phenotype in Gorlin patients, possibly during the transition from BFH-like
lesions to BCC.

In contrast to Ptchl-conditional mice, Ptchl-heterozygous animals form macroscopic

BCCs following irradiation, but how these tumors progress remains unknown 2 82 83),
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Transgenic overexpression of either GLII or Gli2 from an exogenous promoter also induces
macroscopic BCC-like tumors %3, While these studies demonstrate that high level
downstream Hh pathway activity can induce tumorigenesis, GLI amplification is not regarded as
a primary driver of human BCC. Indeed, human BCCs possess canonical mutations in upstream

Hh pathway components, even when GLI amplifications are detected %,

This suggests that
constitutive activation of upstream Hh signaling, mediated by primary cilia, may be critical for
unlocking the full potential of secondary mutations that activate downstream components of the
pathway. In line with this, GPP53 tumors in our study acquired G/i amplifications
spontaneously, without additional experimental manipulation, again arguing that Ptchl-deficient
lesions must hyperactivate both upstream and downstream Hh signaling in order to progress.

It is important to note that the prevalence of G/i amplification in our GPP53 model is
higher than in human BCCs, where analogous amplifications are seen in 8% of tumors and may
drive resistance to SMO antagonists (!82% 8% Since our mice are not exposed to UV, this likely
affects the spectrum of mutations that occurs in our models. Apart from direct G/i amplification,
there are likely many ways by which BCCs can hyperactivate downstream Hh signaling. For
instance, Gli activity can be enhanced by aPKC, TGFp and AP-1 #5839 while the PI3K/Akt and
EGF pathways can cooperate with canonical Hh signaling to promote downstream activity ¢7-89),

Regardless of Gli amplification status, all Type 1 macroscopic tumors upregulated Mycn,
which plays critical roles in many tumors, including nervous system cancers, prostate cancer and
retinoblastoma % °. We further demonstrated that MYCN overexpression induces certain
features of tumor progression, including increased proliferation and reduced differentiation.
Notably, Mycn is a downstream target of Hh signaling (!¢ °? (Figure 2-13F), yet this gene is still
frequently mutated in BCC ?% 69, This further supports the view that neither loss of Ptchl nor
gain of Smo is sufficient for tumor progression. Rather, mutations that augment MYCN levels
may provide a secondary boost for tumors to sustain high level proliferation while limiting
differentiation. Collectively, these data indicate that MYCN is likely situated at a critical nexus
for driving BCC progression and possibly drug resistance.

In summary, by utilizing BCC models that largely fail to progress, we identify genetic
factors that enable rare tumors to succeed. Our findings suggest that BCCs arise through a step-
wise process guided by the acquisition of somatic secondary mutations. Activation of upstream

Hh signaling, via loss of Ptchl or gain of Smo, initiates nascent tumors that eventually regress
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and become dormant unless additional mutations are acquired. Concomitant loss of Notchl
prevents tumor regression, and loss of p53 likely increases genomic instability; however, neither
is sufficient for macroscopic tumors to form. Ultimately, tumor-initiated cells must acquire
additional changes that either directly or indirectly cause exuberant downstream Hh pathway
activation in order to progress. These findings may explain why some BCCs persist after
pharmacological inhibition of upstream Hh signaling, while highlighting the possibility that
essential downstream factors such as MYCN may represent viable targets for therapy.
2.6 Limitations of the Study

While our study suggests a role for secondary mutations in driving BCC progression,
mouse BCC-like tumors likely do not recapitulate the full panoply of mutations seen in human
BCC, since mice are not typically exposed to UV radiation. Thus, other genetic and epigenetic
changes may contribute to the progression of human tumors. Mutations within intergenic
regions of the chromosome are not detected by WES, and may also affect tumor progression in
our system. While all BCC-like tumors in our study exhibited increased Mycn, it remains
unclear how this occurs in tumors lacking G/i amplification. Aside from Hh signaling, other
pathways such as PI3K/Akt have been reported to modulate Mycn expression or stabilization ¢,
Loss of Trp53 may also be necessary for over-riding cellular controls that guard against
excessive Mycn, leading to cell death. Finally, the mechanisms underlying tumor dormancy and
spontaneous regression remain unclear. Given the parallels between nascent BCC formation and
hair follicle regeneration, a deeper understanding into how hair follicles normally develop, cycle
and regress may inspire additional novel insights into the biology of these tumors.
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2.8 Figures

Figure 2-1: Microscopic tumors initiated by activation of upstream Hh signaling fail to progress
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Histology of hair follicle (HF)-associated GP tumors, 5-17 weeks post-TAM. Right photo, shaved dorsal skin devoid of
palpable tumors, 17 weeks post-TAM.

Quantitation of HF-associated tumors.

Histology of touch dome (TD)-derived GP tumors (arrow), 5-17 weeks post-TAM. Right photo, view of small TD papules,
~1 mm diameter.

Quantitation of TD-derived tumor area, in arbitrary pixel units per cm.

Histology of HF-derived LP tumors, 5-17 weeks post-TAM.

Quantitation of LP tumors.

Histology of microscopic HF-associated SmoM?2 tumors arising from Lrigl+ stem cells (left, 15 weeks post-TAM) or Glil+
stem cells (right, 20 weeks post-TAM)/

Schematic of GP tumor kinetics.

Data are represented as mean + SEM, with significance calculated by one-way ANOVA. ** p <0.01. Scale bar, 50 pm. Blue
scale bar, 1 mm.
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Figure 2-2: Microscopic tumors exhibit reduced proliferation over time
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A. Schematic for TAM induction and skin biopsy in GP mice. Mice were also biopsied at the end of the experiment.

B. GP tumors regress by 17 weeks post-TAM, regardless of induction scheme.

C. Quantitation of tumor area in early-induced GP mice.

D. Same as (C), but for late-induced GP mice.

E. GP tumors maintain elevated Hh signaling, as assessed by LacZ (top panels) and Ptch2 mRNA (middle panels), but reduce
their proliferation over time, as assessed by Ki67 (green, lower panels). Red, Keratin 14 (K14).

F. Quantitation for Ptch2 in HF-associated GP tumors.

G. Quantitation of proliferation in HF-associated GP tumors.

H. Same as (G), but for touch dome-derived GP tumors.

I.  Quantitation of proliferation in LP tumors. For E-I, analysis was performed on tumors arising from the standard induction

scheme.

Data are represented as mean + SEM, with significance calculated by one-way ANOVA. Significance for beeswarm plots was
calculated using a linear mixed model. **, p < 0.01; *** p <0.001. Scale bar, 50 pm.
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Figure 2-3: Notchl-deficient microscopic tumors do not undergo spontaneous regression
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A. GP tumors have elevated Hh target genes, as assessed by Ptch2 mRNA, in peripheral basal cells (top panels) and high NICD
(green) in interior suprabasal cells (lower panels). Red, Keratin 14 (K14).

B. Inthe growing anagen hair follicle, basal matrix progenitor cells directly abutting the dermal papilla (yellow, dotted) express
high Ptch2 (top panels), whereas their suprabasal progeny express high NICD (green, bottom panels).

. Schematic for basal progenitors (red) and suprabasal progeny (green) in the hair follicle bulb.

C

D. Histology of HF-derived GP tumors that are either Notchl-heterozygous (GPN1-Het) or -deleted (GPN1-KO), 5-17 weeks
post-TAM. Right panels, tumor proliferation, as assessed by Ki67 (green), 17 weeks post-TAM.

E. Quantitaton of GPN1-Het and GPN1-KO tumor area.

F. Quantitation of GPN1-KO tumor proliferation.

G. Photo and histology of GPN1-KO macroscopic tumor.

Data are represented as mean + SEM, with significance calculated by one-way ANOVA. Significance for beeswarm plots was
calculated using a linear mixed model. *, p <0.05; *** p <0.001. Scale bar, 50 pm.
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Figure 2-4: p53-deficient microscopic tumors largely do not progress
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Peripheral basal tumor cells express p53 (green) in GP mice, 5-17 weeks post-TAM.

Basal matrix progenitors directly abutting the dermal papilla (dotted) also express p53 (green) in the growing hair follicle.
Quantitation for p53 in GP basal and suprabasal tumor compartments, 5-17 weeks post-TAM.

Histology of HF-derived GP tumors that are either p53-heterozygous (GPP53-Het) or -deleted (GPP53-KO), 5-17 weeks
post-TAM. Right panels, validation of p53 loss (green) in GPP53-KO tumors, 17 weeks post-TAM.

Quantitation of GPP53-Het and GPP53-KO tumor area.

Quantitation of GPP53-Het and GPP53-KO tumor proliferation.

Photo and histology of GPP53-KO macroscopic tumors.

Data are represented as mean + SEM, with significance calculated by one-way ANOVA. Significance for beeswarm plots was
calculated using a linear mixed model. **, p <0.01; *** p <0.001. Scale bar, 50 um. Ruler marks, 1 mm.
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Histologic classification of macroscopic tumors (top panel), and immunohistochemistry for NICD (green, middle panels)
and a smooth muscle actin (SMA) (green, lower panels). Red, K14 staining. All examples shown are from GPP53 mice.
Table showing tumors with somatic Glil or Gli2 copy number gains (+++, amplified). Asterisk, GPP53-Het tumor.
Representative DNA copy number plot of a GPP53 tumor that amplified a region of Chromosome 10 containing G/i!.
Same as (C), but of a different GPP53 tumor that amplified a region of Chromosome 1 containing G/i2.

mRNA in situ staining for Glil (top panels), G/i2 (middle panels) and Ptch2 (lower panels) in GPP53 tumors (microscopic,
Glil- or Gli2-amplified) and in macroscopic GPN1 tumors. Scale bar, 50 pm.
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Figure 2-6: Macroscopic GPP53 and GPN1 tumors share common features with human BCCs

GPP53

no Gli amplification Gli1-amplified tumor Gli2-amplified tumor no Gli amplification

B Human BCC

A. Immunohistochemistry for Ki67 (red, top panels), NICD (green, middle panels) and Mycn (green, lower panels) in GPP53
tumors, sub-divided by G/i amplification status (non-amplified, G/il-amplified or G/i2-amplified), and in macroscopic
GPNI tumors lacking Gli amplification. Regardless of genotype, all macroscopic tumors express higher levels of Mycn
relative to adjacent microscopic lesions (asterisks).

B. Same markers as in (A), probing human BCCs sub-divided by histological subtype. Two representative examples of
nodular BCCs with variable marker expression are shown. Scale bar, 50 um.
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Figure 2-7: MYCN overexpression promotes tumor progression
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Peripheral basal tumor cells and basal matrix progenitors in anagen hair follicles express Mycn (green). Dotted region,
mesenchymal dermal papilla.

Co-localization of Mycn (green) and Ki67 (red) in microscopic GP tumor, 5 weeks post-TAM.

Quantitation showing that Mycn+ basal tumor cells are more likely to be proliferative.

Schematic for MYCN/Luciferase overexpression system.

Histology of dysmorphic anagen hair follicles (arrow) expressing MYCN (green) and Luciferase (red) in GT mice.
Microscopic GPT tumors expressing MYCN/Luciferase (red, dotted) display increased Ki67 (green, left panel) and cleaved
Caspase 3 (green, right panel).

Microscopic GP tumors possess extensive suprabasal NICD expression (left panel, green), whereas GPT tumors expressing
MYCNI/Luciferase (right panel, red) re-localize NICD to suprabasal tumor cells just inside of the basal layer.
Immunohistochemistry showing expression of Luciferase (green, left photo) and exogenous MYCN/endogenous Mycn
(green, middle photo) in macroscopic GPT tumor (right photo).

p-values were calculated by a Wilcoxon rank sum test with continuity correction. ***, p <0.001. Scale bar, 50 um. Blue scale
bar, 1 mm.
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Figure 2-8: Tumors arising in GP and SmoM2 mice fail to progress.
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A. Histology of microscopic hair follicle (HF)-associated GP tumors (arrows), 25 weeks post-TAM.
B. HF-associated SmoM2 tumors exhibit reduced proliferation over time, as assessed by Ki67 (green).
C. Quantitation of proliferation in HF-associated SmoM2 tumors.

Significance for beeswarm plot was calculated using a linear mixed model (p = 0.02). Scale bar, 50 um.
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Figure 2-9: Dormant GP tumors do not progress in response to phorbol ester treatment or
depilation.
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A. Staining for cleaved Caspase 3 (green) in GP tumors, 5-17 weeks post-TAM. Red, K14.
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Lack of staining for senescence markers pl6 (green, top) and p21 (green, bottom) in GP tumors, 5 and 17 weeks post-TAM.
TPA treatment does not induce proliferation, as assessed by Ki67 (green) in GP tumors (arrow).
Schematic for depilation and skin biopsy in GP mice. Mice were also biopsied at the end of the experiment. Right, photos

showing dorsal skin from GP mice, pre- and post-depilation (DEP). Bottom photos, histology of GP mice, 3-6 weeks post-
depilation. Scale bar, 50 pm.
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Figure 2-10: Phorbol ester treatment does not restore proliferation in GPN1 tumors.

A Vehicle TPA

A. Top, histology of vehicle- and TPA-treated GPN1-KO tumors. Bottom, proliferation, as assessed by Ki67 (green), is not
restored in GPN1 tumors treated with TPA, even though elevated proliferation is seen in the interfollicular epidermis and
upper hair follicle. Scale bar, 50 pm.
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Figure 2-11: Summary of genomic alterations in GPP53 and GPN1 macroscopic tumors.
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Table indicating the number of genes affected by different classes of somatic DNA mutations for each tumor analyzed by
WES: copy number variation (CNV), single nucleotide variation (SNV) and insertion/deletion (InDel). Asterisk, GPP53-
Het tumor.

Average number of genes affected by CNVs, SNVs and InDels in GPP53 and GPN1 macroscopic tumors.
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Figure 2-12:Summary of somatic CNVs in macroscopic tumors
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List of 70 commonly mutated genes in BCC (gray), and table showing CNVs affecting these genes across 16 GPP53 and 5
GPN1 macroscopic tumors. Bottom table is the remaining list of genes that were not found to be mutated in any of the 21
tumors.

Visualization of WES traces for Ptch?2 loss (tumor 5580-C2), Glil amplification (tumor 5452-C2), G/i2 amplification (tumor
5580-C1), Kif7 amplification (tumor 5558-C1) and Yap! amplification (tumor 5420-C1). Each tumor (pink or teal trace) is
compared against its matched normal (liver, black trace).
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Figure 2-13: Expression of Myc family proteins in GP tumors and lack of tumor formation in
Notchl- or p53-deficient skin.
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In situ staining for Mycn, Mycl and Myc in GP tumors. Bottom panels are magnified views of the boxed areas.

Quantitation of mRNA in tumor basal and suprabasal compartments.

In situ staining for Mycn, Mycl and Myc in normal anagen hair follicle bulb. Right image, staining with probe omitted,
showing only background staining for hair shaft and melanocytes.

Histology of Notchl-deleted skin using 3 different inducible Cre drivers, as indicated, 15-20 weeks post-TAM.

Histology of skin where p53 was deleted from Glil+ hair follicle stem cells, 25 weeks post-TAM. Right, photo of mouse
with shaved dorsal skin devoid of palpable tumors.

Myecn (green) is highly expressed in macroscopic BCC-like tumors following overexpression of a constitutively active form
of Gli2 (Gli2AN).
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=

Data are represented as mean + SEM, with statistics calculated by an unpaired #-test. *, p < 0.05. Scale bar, 50 pm.
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Table 2-2: Supplemental Table S1. Ptchl-deficient mice

Genotype Total | # of mice Total # of Total # of # of # of # of # of
# of with mice with macro Type 1 Type 2 Type 3 macro
mice macro macro tumors macro macro macro tumors
tumors tumors collected* tumors tumors tumors | with other
within 17 (any age) subtype
weeks
post-TAM
GP (Gli1-CreERT2
+ Ptchl-c/c) 18 0 0 0 ) ) ) )
GP + Notchl-c/c
(GPN1) 25 6 12 24 9 1 14 0
GP + Notchl-c/+
(GPN1-Het) i 0 0 0 ) ) ) )
GP + Trp53-c/c
(GPP53) 14 9 14 30 22 7 4 2
GP + Trp53-c/+
(GPP53-Het) 11 1 3 3 2 0 1 0
GP + rtTA + TRE-
MYCN (GPT) 15 3 3 3 3 0 1 0

* Tumors that contained ~50/50 mixed histological subtypes were scored as positive for both subtypes.

Table 2-3: Supplemental Table S2. Other mice

Genotype Total # of | Weeks post- Total # of
mice TAM mice with
assessed for tumors
tumors

Glil-CreERT2 + Notchl-

9 21-28 0
c/c
K14-CreERT + Notchl- 7 20 0
c/c
Lrigl-CreERT2 + Notchl- 5 15 0
c/c
Glll-CreElcl/EZ + Trp53- 1 17-25 0
Glil-CreERT2 + rtTA +
TRE-MYCN 4 12-20 0
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Chapter 3: Generation of Various Combinatorial Mouse Models of BCC

3.1 Summary

NOTCH1/2, TRP53, and MYCN are frequently mutated genes seen in human BCCs.
However, it is unclear if combinatorial manipulation of these genetic factors modulates tumor
progression in our system. To address this question, I assessed tumor growth kinetics by
generating Glil;Ptchl;Notchl,; Trp53-deficient tumors (GPNP) and G/il, Ptchl;Notchl-deficient
tumors with MYCN overexpression (GPNT). Preliminary results suggest GPNP and GPNT
tumors resist regression and can develop into successful macroscopic tumors. I also generated
Glil,Ptchl;Mycn-deficient tumors (GP-Mycn) and observed deleting Mycn affects initial tumor
size. Altogether, these data suggest genetic manipulations in Notchl, Trp53, or Mycn in various
tumor genetic backgrounds modulates BCC tumorigenesis.

3.2 Introduction

Exome sequencing studies have revealed that NOTCH1/2, TRP53, and MYCN are
frequently mutated genes in BCCs !?). As described in chapter 2, we observed macroscopic
BCC-like tumors when Notchl or Trp53 are deleted in Glil;Ptchl-deficient (GP) tumors (GPN1
and GPP53 mice). Furthermore, we observed that overexpression of MYCN promotes the
progression of tumors induced by loss of Ptchl (GPT tumors). While individual genetic
manipulations in Notchl, Trp53, or MYCN promotes progression in GP tumors, it is unclear how
combinatorial genetic manipulations of these factors modulates tumor progression.

Our data from chapter 2 therefore raises three additional ongoing questions addressed in
chapter 3. We first investigated if concomitant deletion of Notchl and Trp53 promotes the
progression of tumors induced by the loss of Ptchl. We decided to perform these experiments
because GPP53 macroscopic tumors possess reduced Notch signaling (Figure 2-6A). Second,
we addressed if overexpressing MYCN in GPN1 tumors increases macroscopic tumor
multiplicity. We generated this mouse model because we observed GPN1 macroscopic tumors
possess upregulated Mycn (Figure 2-6A). Finally, while we found that overexpressing MYCN

provides a tumor cell advantage in our system (Figure 2-7), does deleting Mycn in GP tumors
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provide a disadvantage? We therefore generated GP tumors that delete Mycn to address this
question.

Here, we demonstrate that simultaneously losing Notchl and Trp53 causes early nascent
microscopic tumors to persist and progress into successful macroscopic tumors. In most cases,
GPNP macroscopic tumors can be group into three distinct subtypes. GPNT mice develop rare
palpable tail lesion tumors and express K8, a neuroendocrine marker. Finally, deleting Mycn in
GP tumors affects initial tumor size.

3.3 Methods
3.3.1 Mice

The following strains were used in this study: G/i]"3(</ERT2A (Gj]-CrefRT?) 4,
Ptch1™Hahn (Pycp [110x) ), Notch ]™2Rko/Grid] (Notch 1710%) ©); Typ53miBm (p53flexy () R osa2 6%
STOP-LOX-ATA™ (R 26-LSL-rtTA) ®; TRE-MYCN/Luciferase ©-'9; and Mycn™!Ps¢ (Mycn/'x) 1V,
GPNP, GP-Mycn, and GPNT mice were induced with 5 mg tamoxifen per 40 g body weight at 8
weeks of age. Five to seventeen weeks later, dorsal skin biopsies were collected. GPNT mice
were subsequently transferred to 200mg / kg doxycycline chow 5 weeks post-tamoxifen injection
to overexpress MYCN and Luciferase. All studies were performed on mice of both genders on
wild-type C57BL/6 mice or mixed genetic background, using littermate animals for comparisons
when possible. All mice were maintained in pathogen free housing and in accordance with
regulations established by the University of Michigan Unit for Laboratory Animal Medicine.

3.3.2 Immunohistochemistry

Skin biopsies were fixed in 3.7% formalin overnight for paraffin embedding. For
information regarding antibodies and dilutions, please refer to Table 3-1. For Mycn staining,
paraffin-embedded sections were amplified by TSA Fluorescein Plus kit. Paraffin sections were
antigen-retrieved by simmering slides in 1 mM EDTA, pH 8.0, for 10 minutes, and probed for
Mycn. In some cases, fluorescent images were processed using the auto-blend feature of Adobe

Photoshop to sharpen images across multiple focal planes.

3.3.3 Tamoxifen

Tamoxifen was dissolved in corn oil by vortexing for a minimum of 1 hour at room
temperature. A volume of 200 pL tamoxifen solution was injected intraperitoneally per 20 grams
mouse body weight.

3.3.4 Antibodies

84



Table 3-1: Antibodies used in Chapter 3

Antibody | Species Catalogue # Source Dilution Notes
Luciferase Goat NB100-1677SS Novus 1:1000
Keratin 14 | Chicken 906004 Biolegend 1:1000
Keratin 8 Rat AB-531826 Developmental Studies Hybridoma Bank 1:500
Ki67 Mouse 550609 BD Biosciences 1:100
Mycn Rabbit D4B2Y Cell Signaling 1:500 TSA amplification (10°)

3.3.5 Quantification

For tumor area measurement, H&E images using identical magnification (20x) were
taken spanning the entire biopsy (~1 cm) and quantitated using ImagelJ software. The average
tumor area per field (total sum of all tumors) was then calculated for each animal/biopsy. For
each mouse, 3 random fields were assessed, and a single average tumor area sum was calculated
for each field, followed by an overall average. These values were expressed relative to the
tumors at 5-weeks heterozygous tumors, which was set to ‘1°. Mycn+ tumor periphery (basal)
compartment and was quantitated from 3 representative fields per sample and expressed as the
percentage of Mycn+ tumor basal cells / K14+ total tumor cells.

3.4 Results

3.4.1 Simultaneously deleting Notchl and p53 promotes tumor progression

We previously generated two separate systems where we incorporated homozygous
conditional Notchl (NI) and Trp53 (p53) loss-of-function alleles into our GP tumor model
(GPNI1 and GPP53 mice). As described in chapter 2, we observed the majority of GPN1
microscopic tumors persist and fail to progress, whereas GPP53 microscopic tumors
spontaneously regress. However, we observed GPN1 mice develop rare macroscopic BCC-like
tumors and all GPP53 develop > 1 macroscopic BCC-like tumor.

Because GPN1 mice occasionally developed macroscopic tumors and GPP53
macroscopic tumors possessed reduced Notch signaling, we therefore asked if deletion of Notchl
and Trp53 increases macroscopic tumor multiplicity. To examine if concomitant deletion of
Notchl and Trp53 promotes macroscopic tumor efficiency, we incorporated homozygous
conditional Notchl and p53 loss-of-function alleles into our GP tumor model
(Glil;Ptchl;NI1;p53 mice, GPNP mice). To assess the growth kinetics of these lesions, we
injected GPNP mice and Glil;Ptchl; NI-heterozygous,p53 mice (GPNP-N1-Het) at 8 weeks of

age, and harvested skin biopsied 5-17 post-tamoxifen injection (Figure 3-1A). We observed
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robust formation of nascent microscopic tumors in both GPNP and GPNP-N1-Het mice 5 weeks
after tamoxifen induction. At 12-17 weeks post-tamoxifen, we observed GPNP and GPNP-N1-
Het microscopic tumors persist. These data are consistent with our previous observations that
losing Notch1 promotes tumor persistence.

By 17 weeks post-tamoxifen induction, we observed both GPNP and GPNP-N1-Het mice
develop > 1 macroscopic BCC-like tumor (Figure 3-1B and C). We assessed the histology of
macroscopic tumors from GPNP and GPNP-N1-Het mice and determined that tumors exhibited
heterogeneous tumor morphology. Most GPNP and GPNP-N1-Het macroscopic tumors can be
classified into 3 subtypes, consistent with our observations seen in GPN1 and GPP53
macroscopic tumors (see chapter 2). In nearly all cases, GPNP and GPNP-N1-Het mice
predominantly formed type 1 and type 3 tumors. In more rare cases, GPNP mice also developed
heterogeneous type 1 and type 2 hybrid tumors. The distribution of macroscopic tumor subtypes
is summarized in Table 3-2. Altogether, these data confirm simultaneous deletion of Notchl and
Trp53 drives nascent microscopic tumors to progress and succeed into macroscopic BCC-like
tumors. However, the efficiency of macroscopic tumor multiplicity between GPNP and GPP53
mice are largely similar. Since our GPP53 mice efficiently develop > 1 macroscopic tumor,
incorporating concomitant Notchl deletion in this system may not be necessary.

3.4.2 Overexpressing MYCN in GPNI tumors promotes tumor progression

Because we also observed all GPN1 tumors exhibit increased Mycn, we next asked if
overexpressing MYCN in GPNI tumors increases macroscopic tumor multiplicity. We therefore
incorporated a Cre-inducible reverse Tet transactivator (R26-LSL-rtTA), and a tetracycline-
responsive element (TRE)-driven MYCN/Luciferase into GPN1 mice (GPNT mice). While we
have previously confirmed MYCN overexpression in our system (see chapter 2), this new GPNT
mouse model allows us to determine if MYCN overexpression in GPN1 tumors increases
macroscopic tumor formation.

We therefore injected GPNT mice with tamoxifen at 8 weeks to activate 7#74 expression
and subsequently allowed microscopic tumors to develop for 5 weeks post-tamoxifen injection.
After 5 weeks post-tamoxifen, GPNT mice were then transferred to doxycycline chow to turn on
MYCN/Luciferase overexpression. Skin biopsies were harvested 12-17 weeks post-tamoxifen
induction (Figure 3-2A). The majority of GPNT tumors persisted in the skin 12-17 weeks post-

tamoxifen induction, as expected (Figure 3-2B). In rare cases, we observed palpable GPNT

86



tumors develop on the tail (Figure 3-2C). We next confirmed GPNT tail tumors express
Luciferase and unexpectedly colocalizes with the neuroendocrine marker Keratin 8 (K8) (Figure
3-2C). This preliminary result may suggest GPNT tumors undergo a neuroendocrine cell fate
switch; however, additional studies are needed to support this conclusion. Finally, it is important
to note that MY CN/luciferase recombination is mosaic in this system and likely explains why we
observe rare palpable macroscopic GPNT tail tumors.

3.4.3 Deleting Mycn affects initial tumor size

While we have observed and validated that overexpressing MYCN promotes tumor
progression, we next asked if deleting Mycn provides a tumor cell disadvantage. We therefore
generated mice expressing tamoxifen-inducible G/il promoter-driven CrefR'? to target deletion
of Ptchl and Mycn to hair follicle stem cells (GP-Mycn mice). To assess the growth kinetics of
these lesions, we analyzed GP-Mycn mice and G/il, Ptchi;Mycn-heterozygous mice (GP-Mycn-
Het) that were induced with tamoxifen at 8 weeks of age, and biopsied 5-17 weeks later. We
observed robust nascent microscopic tumor formation in both GP-Mycn and GP-Mycn-Het mice
5 weeks after tamoxifen induction. By 17-weeks post-tamoxifen induction, however, tumors
spontaneously regress (Figure 3-3A). Interestingly at 5 weeks post-tamoxifen induction, we
observed a ~2-fold tumor size reduction when compared to GP-Mycn-Het tumors (Figure 3-3A-
B). We also observed incomplete deletion of Mycn and GP-Mycn tumors appear to be
proliferative at this 5-week timepoint (Figure 3-3C-E). Altogether, these data suggest that
deletion of Mycn is not required for BCC formation but affects initial tumor size. It is possible
other Myc family members (Myc and Mycl) may compensate for the loss of Mycn and I propose
additional experiments below.

3.5 Discussion

The findings in this chapter reveal how combinatorial genetic manipulations in Notchl,
Trp53, and MYCN modulate BCC progression. When we first observed GPN1 mice develop rare
macroscopic BCC-like tumors, we reasoned that losing 77p53 in our system may increase
macroscopic tumor multiplicity. Indeed, when Notchl and Trp53 are concomitantly deleted in
our system, we observed efficient macroscopic BCC-like tumor formation. Not surprisingly,
GPNP and GPNP-N1-Het mice develop heterogenous tumors that can be classified into 3
subtypes. This observation is consistent in GPN1 and GPP53 tumors as discussed in chapter 2.

Our findings therefore raise an important ongoing question. What acquired somatic mutations
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allowed GPNP and GPNP-N1-Het macroscopic tumors to succeed? Additional whole exome
sequencing or RNA-seq experiments are needed to help resolve this question.

Next, we provide evidence that overexpressing MYCN in GPN1 tumors drives rare
palpable macroscopic tumors on the tail. Unexpectedly, we observed GPNT tumors express K8,
an established neuroendocrine marker. Indeed, many reports have identified Mycn as a driver in
neuroendocrine prostate cancer >, Furthermore, Notch pathway is reported to suppress the
neuroendocrine phenotype !9, Our preliminary finding of this phenotype raises the question of
whether GPNT tumors undergo a neuroendocrine cell fate switch.

While our findings demonstrate that overexpressing MYCN in GP or GPN1 tumors
promotes BCC progression, we also provide preliminary evidence that losing Mycn affects initial
tumor size. It is possible other Myc family members may compensate for the loss of Mycn.
Indeed, we have previously observed Myc and Mycl transcripts expressed in hair follicles and
BCC (Figure 2-13). It is important to note that Mycn is predominantly expressed in the basal
tumor layer in GP tumors and is also restricted to basal hair follicle matrix cells (Figure 2-13).
We also observed no apparent hair follicle phenotype in Keratin5-Cre; Mycw"" mice (Figure
3-4). These data likely suggest Mycn is not required for hair follicle development.

Nonetheless, it is unclear if ablating all three Myc family members may cause a more
severe phenotype. To address this question, previous studies have utilized a dominant negative
Omomyc allele to suppress all Myc activity (!> '®). In this system, Omomyc heterodimerizes with
wild type Myc-Max complex to suppress Myc activity. Indeed, Omomyc expression has been
demonstrated to reduce skin papillomatosis and Kras-driven lung cancer in mice 1°2Y, It is
therefore tempting to speculate if ablating Mycn or coupling the dominant negative function of
Omomyc in macroscopic tumors reduces tumor size. To address this question, coupling loss-of-
function Mycn or Omomyc alleles into our established GPP53 mice may provide an answer. We
are currently in the process of breeding in Mycn floxed alleles into GPP53 mice (discussed more
in chapter 6). Finally, previous reports have demonstrated p53 as a direct target and co-regulator
of MYCN in neuroblastoma *>2%. These data may partially explain why neuroblastomas are
initially chemo sensitive; however, it is likely that MYCN-amplified tumors eventually develop
mechanisms to avoid MYCN/p53-driven apoptosis ??. Because we observed GPT tumors

possess increased proliferation and apoptosis (Figure 2-7), future studies are needed to
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determine if losing 77p53 in GPT tumors promotes macroscopic tumor multiplicity. We are in
the process of incorporating 7rp53 floxed alleles into GPT mice (discussed more in chapter 6).

Altogether, we have clarified how Notchl, Trp53, and MYCN modulates BCC tumorigenic
potential. We show GPNP and GPNT mice have the capacity to develop macroscopic tumors.
Follow up characterization and sequencing experiments are needed to be done to better
understand these tumors. Ultimately, understanding the complicated mutational combinations
and mechanisms that drive tumor progression could open future novel therapeutic targets.
3.6 Acknowledgements

We are grateful to Dr. Andrzej Dlugosz’s lab at the University of Michigan for lab
discussions and sharing reagents. S.Y.W. acknowledges the support of the Leo Foundation
(LF18017); the American Cancer Society; the Donald & Patricia Roof Fund for Skin Cancer
Research; and the NIH (R21CA209166 and R56AR075638). S.Y.W. also acknowledges the
support from the UM Skin Biology and Disease Resource-based Center (P30AR075043) and
NCI Cancer Center Support Grant (P30CA046592). K.G.T. was supported by the National
Institute of Health Ruth L. Kirschstein Predoctoral Individual National Research Service Award

(NRSA F31 CA254080).

&9



3.7 Figures

Figure 3-1: GPNP mice develop macroscopic tumors
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A. Histology of GPNP-N1-Het and GPNP tumors 5, 12, and 17-weeks post-tamoxifen induction.
B. Image and histology of GPNP-N1-Het mice with visible macroscopic tumors.
C. Image and histology of GPNP mice with mice visible macroscopic tumors.
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Figure 3-2: GPNT mice develop palpable tail tumors
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Experimental timeline for GPNT mice. GPNT mice are injected with tamoxifen at 8 weeks of age and subsequently

transferred to low doxycycline chow 5 weeks post-tamoxifen induction. Skin biopsies are then collected 12-17 weeks post-
tamoxifen induction.

Histology of GPNT tumors 12- and 17-weeks post-tamoxifen induction.
Image and histology of GPNT tail tumor. K8 (green) colocalizes with Luciferase (red) in GPNT tail tumor.
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Figure 3-3: Deleting Mycn does not affect tumor initiation or proliferation, but affects initial
tumor size
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Histology of GP-Mycn-Het and GP-Mycn-KO tumors 5- and 17-weeks post-tamoxifen induction.

5-week GP-Mycn-KO tumors exhibit at 2-fold reduction in tumor area.

IHC for Myecn (green) in GP-Mycn-Het and KO tumors. Red, co-staining for K14.

Quantification of Mycn basal tumor cells. Data are represented as mean + SEM, with statistics calculated by an unpaired t-
test. *, p <0.05.

IHC for Myecn (green) and Ki67 (red) in 5-week GP-Mycn KO tumors. Loss of Mycn does not affect proliferation (zoomed
inset).
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Figure 3-4: Deleting Mycn does not affect hair follicle development
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A. [IHC for Myecn (green) in anagen hair follicles. Red, co-staining for K14. Bottom photos, histology of K5;Mycn-Het
(control) and K5;Mycn-KO hair follicles. The asterisk (*) shown in the K5;Mycn-KO hair follicle indicates non-specific
staining in the outer root sheath.
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Table 3-2: GPNP and GPNP-N1-Het macroscopic tumor subtypes

Tumor # Type Age of tumor (weeks Notchl PS3 Gender
post-TAM)

5220-C1 1 Female

5220-C2 2(70%) ; 1 (30%) 17 weeks KO KO

5220-C3

5223-C1 Male

5223-C2

U Y U U

5223-C3 19 weeks KO KO

5223-C4 1 (50%) ; 3 (50%)

5218-C1 Female

5218-C2 21 weeks KO KO

5218-C3

5216-C1 Female

5216-C2 22 weeks KO KO

5216-C3

5227-C1 Male

5227-C2 22 weeks KO KO

— 0 [= W[ [ |W W W

5227-C3

5256-C1 1 (70%) ; 3 (30%) 19 weeks KO KO Female
5256-C2 3

5222-C1 1 20 weeks Het KO Male

5246-C1 1(90%) ; 3 (10%) Male

5246-C2 3 17 weeks Het KO

5246-C3 1 (90%) ; 3 (10%)

5225-C1 1 20 weeks Het KO Male

5225-C2 3

5249-C1 1 Female

5249-C2 1(50%) ; 3 (50%) 20 weeks Het KO

5249-C3 1(50%) ; 3 (50%)
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Chapter 4: Targeting CD200 in a Mouse Model of BCC

4.1 Summary

CD200 is thought to be a potential immunosuppressive molecule in the hair follicle.
How CD200 modulates BCC initiation is a gap in knowledge. In this chapter, we address if
inhibiting CD200 suppresses tumor initiation. Upon anti-CD200 injections, we observe nascent
tumor formation and find no change in tumor size when compared to control IgG injected
tumors. Furthermore, nascent anti-CD200" treated tumors possess no changes in Tregs, T cells,
macrophages, and leukocytes. Finally, while we observe robust CD200 neutralizing antibodies
in early nascent 5-week tumors, we are unable to observe neutralizing antibodies persist in late
stage tumors. Altogether, these preliminary data suggest inhibition of CD200 during tumor
initiation does not suppress tumor size or promote immune cell numbers in tumor-containing
skin.
4.2 Introduction

While inhibitors of the Hedgehog pathway are often proven to be effective, advanced
BCCs can persist, develop resistance, or undergo tumor evolution (BCC to SCC) during
treatment 1"¥. These data all support the need to identify alternative therapeutic approaches in
BCC. In many skin cancers such as melanoma, Merkel cell carcinoma and squamous cell
carcinoma, immunotherapy is becoming a viable treatment option ®'?. An expanding emphasis
has been proposed on targeting immunosuppressive molecules that inhibit anti-tumor T cell
mediated cytotoxic responses. Inhibiting T-lymphocyte-associated protein 4 (CTLA-4) and
programmed cell death protein 1 (PD-1) are two therapeutic immunosuppressive strategies
currently being assessed in the clinic 13!, Indeed, previous studies have reported human BCCs
express PD-Ligand-1 (PD-L1) and clinical trials for the treatment of pembrolizumab (anti-PD-1
antibody) have yielded promising response in advanced BCCs U618, Chang et al. observed BCC
patients treated with pembrolizumab have an overall response rate of 44%. Furthermore, the

overall response rate for patients treated with pembrolizumab and vismodegib was 29% (¥,
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Collectively, these data demonstrate pembrolizumab is active against BCC and supports the
rationale to use immunotherapy as a potential treatment option for BCCs.

As mentioned briefly in section 1.5, CD200 is primarily thought to function by
suppressing cells of the myeloid lineage and is expressed across many cancer types !°29. It has
been demonstrated that CD2007" mice displayed chronic central nervous system inflammation
due to increased macrophages ?®. However, this study did not assess for immune phenotypes in
the skin. Our interest in CD200 originated from previous observations where CD200 is
expressed in microscopic BCC-like tumors in mice, and Hh signaling increases CD200
expression in Ptchl-deficient keratinocytes ?”. In the skin, CD200 is preferentially expressed in
the outer root sheath of the hair follicle and interacts with variety of immune cells that express
the receptor for CD200 (CD200R) in the surrounding dermis ?®3%. This ligand and receptor
communication is thought to reduce inflammation, prevent hair follicle-specific autoimmunity
and may protect epidermal stem cells from autoimmune destruction ¢V, Because CD200
modulates an inhibitory role with immune cells, the role of suppressing CD200 in BCC remains
unclear. We specifically address if inhibition of CD200 suppresses tumor area during BCC
initiation.

Here, our preliminary results suggest inhibition of CD200 does not suppress tumor size
during initiation. We also observe no apparent changes in Treg, T cells, macrophages, and
leukocytes in tumor-containing skin. Finally, we observe tumors subsequently lose anti-CD200
antibodies in late stage tumor-containing skin. Altogether, our results suggest suppression of
CD200 does not suppress tumor area or promote immune cell number during initiation. For
future studies, we are further motivated to understand if inhibiting CD200 suppresses pre-
existing tumors and hair regeneration.

4.3 Methods
4.3.1 Mice

The following strains were used in this study: Gli "3 e/ERT2)A (Gj|-CreFRT?) G2,
Ptch]™!Hahn (Peep Jfox) G3) - GP mice were induced with 5 mg tamoxifen per 40 g body weight at
8 weeks of age. Five to seventeen weeks later, dorsal skin biopsies were collected. All studies
were performed on mice of both genders on wild-type C57BL/6 mice or mixed genetic

background, using littermate animals for comparisons when possible. All mice were maintained
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in pathogen free housing and in accordance with regulations established by the University of
Michigan Unit for Laboratory Animal Medicine.
4.3.2 CD200 treatment

At 3 weeks post-tamoxifen, GP mice were injected with 200 pg (6 total injections every 2-
3 days) of a neutralizing rat monoclonal antibody against CD200 (Cat#: BE0299; Bio X Cell) or
isotype control (Cat#: BE0089; Bio X Cell).

4.3.3 Immunohistochemistry

Skin biopsies were fixed in 3.7% formalin overnight for paraffin embedding. For frozen
sections, samples were fixed in 3.7% paraformaldehyde at 4°C for 1 hour, rinsed in PBS, sunk in
30% sucrose overnight and embedded into OCT. For information regarding antibodies and
dilutions, please refer to Table 4-1. In some cases, fluorescent images were processed using the
auto-blend feature of Adobe Photoshop to sharpen images across multiple focal planes.

4.3.4 Tamoxifen

Tamoxifen was dissolved in corn oil by vortexing for a minimum of 1 hour at room
temperature. A volume of 200 pL tamoxifen solution was injected intraperitoneally per 20 grams
mouse body weight.

4.3.5 Antibodies
Table 4-1: Antibodies used in Chapter 4

Antibody Species Catalogue # Source Dilution Notes
CD8 Rabbit 98941 Cell Signaling 1:400 Used frozen sections
CD45 Rat 553076 BD Biosciences 1:100 Used frozen sections
F4/80 Rabbit 70076 Cell Signaling 1:200 Used frozen sections
Foxp3 Rabbit 12653 BD Biosciences 1:400 Used frozen sections
CD200 Rat BE0299 Bio X Cell - See notes from Owen &
Sunny regarding
antibody concentration

4.3.6 Quantification

For tumor area measurement, H&E images using identical magnification (20x) were
taken spanning the entire biopsy (~1 cm) and quantitated using ImagelJ software. The average
tumor area per field (total sum of all tumors) was then calculated for each animal/biopsy. For
each mouse, 3 random fields were assessed, and a single average tumor area sum was calculated
for each field, followed by an overall average. These values were expressed relative to the

tumors at 5-weeks tumors, which was set to ‘1°.
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4.4 Results

4.4.1 Inhibiting CD200 does not suppress tumor size during initiation

To examine whether inhibiting CD200 suppresses tumor size during initiation, we turned
to our established tamoxifen-inducible mouse model of BCC that targets deletion of Ptchl to hair
follicle stem cells (GliI-CreERT2; PtchI’", GP mice). At 3 weeks post-tamoxifen injection, we
treated GP mice either with anti-CD200 or control IgG antibodies every 2-3 days (total of 6
injections). To examine long-term fates of these microscopic lesions, we collected serial
biopsies up to 17 weeks post-tamoxifen (Figure 4-1A). At 5 weeks post-tamoxifen, we observed
similar tumor size and observed hair follicle-associated lesions regress over time (Figure 4-1B-
C). Early nascent GP tumors that possess anti-CD200 antibodies likely does not influence tumor
regression because GP tumors spontaneously regress (see Figure 2-1 and Figure 2-2).
Altogether, these preliminary findings suggest inhibiting CD200 does not suppress tumor size
during initiation.

4.4.2 Neutralizing rat monoclonal antibody against CD200 fail to persist

We also asked if CD200 antibodies persist in tumors throughout the duration of our
experimental timeline. Although we detected anti-CD200" staining in early 5-week nascent
tumors, anti-CD200 antibodies failed to persist in 12-17 week tumors (Figure 4-1D and see
Figure 4-1A for experimental timeline of antibody injections). This may suggest that the
antibodies we injected in GP mice are short lived.

4.4.3 Inhibiting CD200 does not promote immune cells

Finally, we characterized a subset of immune markers in 5-week anti-CD200" tumors.
Regulatory T cells (Tregs) are a specialized subpopulation of T cells that suppress immune
response ®¥. We hypothesized CD200 neutralization might reduce immunosuppressive Tregs;
however, we observed similar levels of Foxp3™ Treg cells between control and anti-CD200"
treated tumors (Figure 4-2A). We further evaluated additional immune markers and observed
no changes in CD8" T cells, F4/80" macrophages, and CD45" leukocytes (Figure 4-2A). These
data suggest inhibiting of CD200 does not promote immune cell numbers.

4.5 Discussion

Our preliminary data suggests inhibiting CD200 does not suppress tumor size or promote

immune cell numbers during initiation. Since we observed CD200 antibodies unable to persist,

additional experiments are needed to resolve this limitation. Because we treated GP mice at ~3
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weeks post-tamoxifen induction during tumor initiation, it remains to be determined if repeated
injections of CD200 at later timepoints alters immune cell activity. Previous and more recent
studies have demonstrated that epithelial stem cells in the skin can retain an epigenetic memory
upon imiquimod treatment ®> 3% Imiquimod is a synthetic immune-response modifier and is
known to have potent anti-viral and anti-tumor properties 7. At the epigenetic level, Larson et
al. reveal a two-step mechanism for memory establishment. Step one involves opening of
chromatin memory and step two depends upon FOS-JUN/STAT3 to recall inflammatory
memory %),

While our BCC mouse model provides an excellent system to address immune privilege,
we plan to suppress CD200 in our more aggressive mouse model of BCC. Performing
experiments in this system will allow us to address if inhibiting CD200 suppresses pre-existing
or advanced BCC tumors. While it remains to be determined, I hypothesize inhibiting CD200 in
pre-existing tumors may potentially promote tumor regression. As an initial pilot experiment, I
would treat GPP53 mice with anti-CD200 neutralizing antibodies and assess for tumor
regression. If I observe tumor regression, then I would stain for immune cell numbers by
immunofluorescence.

Reports have also shown Notchl-deficient skin activates inflammatory infiltrates in the
stroma due to a breach in the skin barrier ®®. More recently, our lab has observed an
upregulation in thymic stromal lymphopoietin (TSLP) when Notch signaling is ablated in hair
follicle stem cells and the epidermis . TSLP is a cytokine that normally skews towards a T
helper 2 (Th2) allergic immune response in the skin and lung “%4%). It is tempting to speculate if
suppression of CD200 modulates TSLP cytokine activity in our system. Finally, it is possible
that inflammation may serve a promoting role in BCC and hair follicle growth. Indeed, we have
started initial experiments to evaluate if suppressing inflammation affects BCC initiation or pre-
existing tumors. Early reports have utilized dexamethasone (anti-inflammatory drug) in BCC,
and we have started initial treatment of dexamethasone in GPP53 mice as a pilot study 4%,

Altogether, we have provided initial results that inhibiting CD200 does not suppress
tumor size during BCC initiation. Our data also suggest suppression of CD200 does not promote
immune cell numbers in tumor-containing skin. Additional studies are needed to optimize
antibody persistence in our BCC mouse model system. Overcoming this limitation should

provide us the rationale to screen additional anti-tumor candidates. Ultimately, understanding
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the mechanistic communication between immune and tumor cells is critical for the development
of novel immunotherapies.
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4.7 Figures

Figure 4-1: Suppression of CD200 does not impact tumor initiation
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Experimental timeline for CD200 treatment. GP mice are injected with tamoxifen at 8 weeks of age and then treated with

200 pg of a neutralizing rat monoclonal antibody against CD200 or isotype control 3 weeks post-tamoxifen injection. Skin
biopsies are then collected 5-17 weeks post-tamoxifen induction.

Histology of control and CD200 treated GP tumors 5-weeks post-tamoxifen induction.
Quantification of tumor size 5-17 weeks post-tamoxifen. Note: 17-week control IgG samples were not collected.
IF for anti-rat IgG (green) in 5, 12, and 17-week control and CD200 treated GP tumors.
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Figure 4-2: Suppression of CD200 does not promote immune cell numbers

Control

IF for Foxp3 (red), CD8 (red), F4/80 (green), and CD45 (green) in 5-week control and CD200 treated GP tumors. The
denoted asterisk (*) is non-specific specific staining.
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Chapter S: Detecting GLI1, GLI2, and MYCN Amplification in Human BCC

5.1 Summary

Gene amplification is a common genetic alteration in cancer, and may cause tumor cells to
divide or become resistant to drug treatment (V). As previously mentioned in chapter 2, acquired
gene amplification of Glil or Gli2 enables tumors to expand indefinitely. Our observations and
others collectively support the concept that hyperactive downstream Hh signaling promotes
tumor progression in BCCs ¢, While genomic sequencing and bioinformatic algorithms can
identify copy number gains or losses, DNA in situ is an alternative approach to visually detect
copy number changes. By acquiring human BCC samples from the Mohs/Cutaneous Surgery
and Oncology Clinic, I used the new DNAscope® duplex assay to detect and visualize GLI1,
GLI2, and MYCN copy number . Although I was efficiently able to detect positive signal using
the DNAScope® duplex assay, | was unable to observe major copy number gains in GLII, GLI2
and MYCN from 16 human BCC samples. Nonetheless, the DNAscope® duplex assay is a
useful system to identify any gene candidate for gene copy number.
5.2 Methods

The following protocol described below has been modified from the DNAscope® HD
Duplex Detection Kit protocol (Document Number UM 324700). The entire procedure can
typically be completed within 2 days.
5.2.1 DNAscope® day 1

Prepare FFPE tissue sections

e Trim paraffin blocks as needed and cut embedded tissue into 5 pm sections using a
microtome.
e Air dry slides OVERNIGHT at RT.

e Bake slides in a dry oven for 1 Hour at 60°.

Deparaffinize FFPE sections

e Histoclear — 10 mins (agitate slides ~halfway through incubation)

e 100% ethanol — 4 mins (agitate halfway)

e Remove the slides from the rack, and with the section face-up. Dry slides in a drying oven
for 5 mins at 60°C (or until completely dry).
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Create a barrier

e Use Pap pen to draw a circle around each specimen and let dry ~10 min at RT.

Apply DNAscope RNA Removal Solution

e Add ~2-3 drops of DNAscope RNA removal solution to each slide. Incubate for 30 min at
40° C.

e Remove slides from oven, tap off solution and wash briefly in MilliQ water (x2).

Applyv Hvdrogen Peroxide

e Add ~2-3 drops of Hydrogen Peroxide to cover each section. Incubate for 10 min at RT.
e Tap off solution and wash briefly in MilliQ water (x2).
Apply Protease Plus

e Add ~2-3 drops of Protease Plus to entirely cover each section. Incubate for 15 min at 40° C.
e Remove slides from oven, tap off solution and wash briefly in MilliQ water (x2).

Prepare 1X Wash Buffer
e Prepare 1X Wash Buffer (1:50 dilution).

o (Warm 50X Wash Buffer up to 40°C for 10-20 MIN before preparation.)
Prepare 1X DNAscope target retrieval

e Prepare 1 X DNAscope target retrieval buffer (1:10 dilution)

Perform target retrieval

e Preheat 1x Target Retrieval Reagent AND water in for 2 min @ high power.
e Put slides into slide rack and slowly submerge into the boiling water for 10 seconds.
e Immediately transfer into boiling 1X DNA scope retrieval buffer.
e Reheat solution until boiling — stop microwave — continue to heat samples for 30 min at the
lowest setting (10% power); the solution should simmer, but not boil over.
o During retrieval step, prepare probes (see below)
e Remove slides from target retrieval buffer and transfer to hot water. Rinse for 5-10 seconds.
e Transfer slides to /X Wash buffer and keep slides immersed at RT.
e Pipette the probe mixture to tissue. Incubate for OVERNIGHT (~15-18 hrs) at 40° C.

Preparing the probes

e Warm probes for at least 10 MIN at 40°C in a water bath or incubator.

e Briefly spin the C2 probe (skinny tube) to collect the liquid at the bottom of the tubes.

e Mix 1:50 ratio of C2 probe (skinny tube) to C1 probe (pipette 1 volume of C2 probe to 50
volumes of C1 probe into a tube. Invert the tube several times.

5.2.2 DNAScope® day 2

e Remove Ampl-10 reagents from cold room and equilibrate at RT.
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e Use made 1x wash buffer from the day before (can be stored at RT for 1 month).
e Remove slides from oven, flick off excess liquid and place slides in 1x Wash Buffer.
Incubate for 4 min and agitate by moving slide up/down in between.

Hybridize AMP1
e Tap off excess liquid from slide, add ~2 drops of AMP1 to entirely cover each section.

e Close tray and insert into the oven for 30 min at 40° C.
e Remove from oven; tap off liquid; put in 1x Wash Buffer for 4 min at RT with occasional
agitation (use new wash buffer).

Hybridize AMP2
e Tap off excess liquid from slide, add ~2 drops of AMP?2 to entirely cover each section.

e C(Close tray and insert into the oven for 30 min at 40° C.
e Remove from oven; tap off liquid; put in 1x Wash Buffer for 4 min at RT with occasional
agitation (use new wash buffer).

Hybridize AMP3
e Tap off excess liquid from slide, add ~2 drops of AMP3 to entirely cover each section.

e Close tray and insert into the oven for 15 min at 40° C.
e Remove from oven; tap off liquid; put in 1x Wash Buffer for 4 min at RT with occasional
agitation (use new wash buffer).

Hybridize AMP4
e Tap off excess liquid from slide, add ~2 drops of AMP4 to entirely cover each section.
e C(Close tray and insert into the oven for 30 min at ROOM TEMP*

e Tap off liquid; put in 1x Wash Buffer for 4 min at RT with occasional agitation (use new
wash buffer).

Hybridize AMPS
e Tap off excess liquid from slide, add ~2 drops of AMPS to entirely cover each section.
e Close tray and insert into the oven for 15 min at ROOM TEMP*

e Tap off liquid; put in 1x Wash Buffer for 4 min at RT with occasional agitation (use new
wash buffer).

Detect the red signal

e Make RED working solution per section by using a 1:50 ratio of Red-B to Red -A.
e Tap off excess liquid from slide, add ~150 pL. RED solution to entirely cover each section.
e Close tray and insert into the oven for 10 min at ROOM TEMP*.
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e Tap off liquid; put in 1x Wash Buffer for 4 min at RT with occasional agitation (use new
wash buffer).

Hybridize AMP6
e Tap off excess liquid from slide, add ~2 drops of AMP6 to entirely cover each section.

e Close tray and insert into the oven for 15 min at 40° C.
e Remove from oven; tap off liquid; put in 1x Wash Buffer for 4 min at RT with occasional
agitation (use new wash buffer).

Hybridize AMP7
e Tap off excess liquid from slide, add ~2 drops of AMP7 to entirely cover each section.

e Close tray and insert into the oven for 15 min at 40° C.

e Remove from oven; tap off liquid; put in 1x Wash Buffer for 4 min at RT with occasional
agitation (use new wash buffer).

Hybridize AMPS8
e Tap off excess liquid from slide, add ~2 drops of AMPS to entirely cover each section.
e Close tray and insert into the oven for 30 min at ROOM TEMP® C.

e Tap off liquid; put in 1x Wash Buffer for 4 min at RT with occasional agitation (use new
wash buffer).

Hybridize AMP9
e Tap off excess liquid from slide, add ~2 drops of AMP9 to entirely cover each section.
e C(lose tray and insert into the oven for 15 min at ROOM TEMP° C.

e Tap off liquid; put in 1x Wash Buffer for 4 min at RT with occasional agitation (use new
wash buffer).

Hybridize AMP10
e Tap off excess liquid from slide, add ~2 drops of AMP10 to entirely cover each section.
e Close tray and insert into the oven for 15 min at ROOM TEMP® C.

e Tap off liquid; put in 1x Wash Buffer for 4 min at RT with occasional agitation (use new
wash buffer).

Detect the blue signal

e Make BLUE working solution per section by using a 1:50 ratio of Blue-B to Blue -A.
e Tap off excess liquid from slide, add ~150 pLL BLUE solution to entirely cover each section.
e C(Close tray and insert into the oven for 10 min at ROOM TEMP*,

e Tap off liquid; put in 1x Wash Buffer for 5 min at RT with occasional agitation (use new
wash buffer).
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¢ Rinse slides quickly in water to remove excess wash buffer

Counterstain the slides

e Dip slide into 1:8 diluted Hematoxylin solution (purple, diluted into water) for 1.5 min.
o Use beaker for slide dipping

e Put slides in tap water and wash by moving up and down 3-5 times.

e Putslides in 1x PBS. Sections should turn blue.

e Repeat wash step with fresh tap water (2 changes total).

Dehvydrate slides and mount samples.

e Remove the slide rack from the staining dish and dry slides in a 60°C dry oven for 10-15
MIN.
o Avoid prolonged dehydration.
o Note: Protocol DOES NOT recommend dehydrating in alcohol.
e Cool the slides for S MIN at RT.
e Briefly dip one slide into fresh pure xylene and immediately place 1-2 drops of VectaMount
on the slide before the xylene dries.
e Carefully place coverslip over the tissue section. Avoid trapping air bubbles.

e Air dry slides for >5 MIN.

5.3 Results and Discussion

By acquiring designed DNAscope human probes to human GL/I, GLI2 and MYCN, I was
indeed able to detect positive signal (Figure 5-1A-B). However, I am unable to detect and
visualize copy number gain. See Table 5-1 for a summary of the stained human BCC samples.

Results from this assay can be visually scored by comparing the ratio between red dots
(gene of interest) and blue dots (control probe to gene of interest). For example, wild type cells
should possess 2 red dots and 2 control blue dots (ratio = 1). Cells that possess copy number
gain should have >3 red dots to 2 blue dots (ratio > 1). To determine the relative red to blue
ratio, I would capture 3 representative fields per sample and quantitate cells with blue control
positive staining. I would then obtain the relative ratio value by taking the total sum of red to
blue dots.

In addition, 4 out of 16 human samples possess good “acceptable” staining (see Table
5-1). My definition of acceptable staining is when both red and blue dots are visible in tumor
cells. I have suspected and have verified that the blue chromagen reagent can go bad when

performing this assay. While I was unable to observe copy number gains, it is important to note
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that ~8% and ~12% of human BCC possess GLI1/GLI2 and MYCN amplification, respectively -
®. This could be a reason why I was unable to detect copy number gain. However, these
preliminary results provide the rationale to evaluate additional human BCC samples when
acquired in the future. Collectively, the technique described here may offer an efficient approach
to identify gene copy number on any tissue of interest and can be reliably performed with
experience.
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5.5 Figures

Figure 5-1: DNA in situ hybridization of GLI1/GLI2 and MYCN in human BCC

A Adjacent epidermis

GLI2

GLI

MYCN

A. Top panels, GLI2 (red) staining with respect to chromosome 2 (blue) in BCC and adjacent epidermis. Bottom panels are
similar as above, but for GLI! (red) staining with respect to chromosome 12 (blue).

B. MYCN (red) staining with respect to chromosome 2 (blue) in BCC. Note: the control blue probe did not work due to a
reagent going bad.
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Table 5-1: Summary of DNAScope staining for GL/1/2 and MYCN

Human Date GLI1 | GLI2 | MYCN | Notes Before or after new chromagen Stained
tumor stained reagent by
ID
21- 6.16.21 - Yes - No amplification Before (Yes, blue dots working) KT
11783 for GLI2
21-6677 | 6.16.21 - Yes - No amplification Before (Yes, blue dots working) KT
for GLI2
4-29-T1 7.26.21 Yes Yes - No amplification Before (NO blue dots) KT
for GLI1/2
6-9-T2 7.26.21 Yes Yes - No amplification Before (NO blue dots) KT
for GLI11/2.
6-17-T1 7.26.21 Yes Yes - No amplification Before (NO blue dots) KT
for GL11/2.
6-17-T2 | 7.26.21 Yes Yes - No amplification Before (NO blue dots) KT
for GLI11/2.
4-26-T1 7.26.21 Yes Yes - No amplification Before (NO blue dots) KT
for GLI11/2.
7-12-T1 8.18.21 Yes Yes - Good staining, Before (Yes, blue dots working)* KT
but no
amplification for
GLI112
7-28-T1 | 9.7.21 Yes Yes Yes Good staining, for | Before (Yes, blue dots working for KT
(GLI1/2) GLI1/2. Overall, GLI1/2 on 9/7/21)*
no amplification
1/27/22 Before (NO blue dots for MYCN on
(MYCN) 1/27/22)
7-28-T2 | 9.7.21 Yes Yes Yes Good staining, for | Before (Yes, blue dots working for KT
(GLI1/2) GLI1/2. Overall, GLI1/2 on 9/7/21)*
no amplification
1/27/22 Before (NO blue dots for MYCN on
(MYCN) 1/27/22)
10-14-T 1.27.22 - - Yes No amplification Before (NO blue dots) KT
for MYCN
- " rrr - ]
7-12-T1 | 3.18.22 Yes Yes Yes Good staining, After (Yes, blue dots working) KT
but no
amplification for
GLI1/2 and
MYCN
4-29-T1 | 4.21.22 - - Yes No amplification After (Yes, blue dots working) KT
for MYCN
4-21-T1 | 4.21.22 - - Yes No amplification After (Yes, blue dots working) KT
for MYCN
4-26-T1 | 4.21.22 - - Yes No amplification After (Yes, blue dots working) KT
for MYCN
10-7D-T | 7.1.22 Yes Yes Yes No amplification After (NO blue dots) TH
for GLI1/2 and
MYCN
10-7A-T | 7.1.22 Yes Yes Yes No amplification After (NO blue dots) TH
for GLI1/2 and
MYCN
Note:

Information for human BCC collection is located on the “Human BCCs — MOHS” Dropbox spreadsheet.

Also see “DNAscope summary spreadsheet”
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Chapter 6: Future Directions

6.1 Summary

My thesis examined genetic factors that modulate basal cell carcinoma, a Hedgehog-driven
skin cancer. Using our lab’s established BCC mouse model system, I was able to identify the
acquisition of somatic secondary mutations that promote tumor progression. Here, I discuss
lingering questions, propose future experiments, and reflect on key lessons I have learned.
6.2 Lingering questions

6.2.1 Will suppressing downstream Hh activity inhibit macroscopic tumor progression?

In chapter 2, I sought to define how BCC-like tumors that are driven by mutations that
activate upstream Hh signaling (loss of Ptchl) overcome tumor dormancy and progress (V. As
mentioned already, we conclude hyperactive Hh activity is essential for tumor progression. If
amplification of Glil/Gli2 or upregulation of MYCN is critical for tumor progression, will
suppressing these factors inhibit tumor growth? To address these questions, I would perform the
following experiments discussed below.

An immediate experiment to perform is to genetically ablate Mycn in our system. Indeed,
we are in the process of incorporating Mycn floxed alleles into Glil;Ptchl;p53 mice (GPP-
Mycn mice). Because we already confirmed GPP53 macroscopic tumors possess elevated Mycn
expression (Figure 2-6), I hypothesize that deletion of Mycn should result in the development of
fewer macroscopic tumors. However, it is likely that Cre recombination will not be 100%
efficient in GPP-Mycn mice and macroscopic tumors may still develop. To overcome this issue,
GPP-Mycn mice that develop macroscopic tumors can be retreated with tamoxifen
(intraperitoneal or by tamoxifen chow), and I would expect macroscopic tumor regression. In
line with ablating Mycn, we are also in the processing of incorporating the doxycycline inducible
TRE-MYCN/Luciferase overexpression allele into GPP53 mice (GPP53-TRE-MYCN/Luc,
GPPT mice). If GPPT mice develop macroscopic tumors that express this transgene, then I
would remove GPPT mice from doxycycline to turn off MYCN expression and would expect

tumor regression. Indeed, we have observed GPT tumors regress when MYCN transgene is
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turned off ( Figure 6-1A). Furthermore, when GPT mice are placed back on doxycycline chow,
we observe tumor recurrence (Figure 6-1A). Collectively, these experiments described here
should further support the importance of Mycn in BCC biology.

Our data also suggest microscopic BCCs can “breakthrough” into macroscopic disease by
amplifying Gli activity. I hypothesize deletion of G/i/ and/or Gli2 in GPP53 mice should result
reduced macroscopic tumors. To my knowledge, I am unable to find reports of readily available
Gli1°* conditional alleles. To circumvent this issue, I would incorporate Glil-B-galactosidase
(LacZ) alleles into GPP53 mice **. An advantage of this system will allow us to transiently
assess LacZ activity and serve as a readout for G/i/ deletion. To ablate G/i2, I would incorporate
the Gli2"** conditional alleles into GPP53 mice ©. For all mouse experiments, I would perform
similar experiments as discussed above and expect a reduction in macroscopic tumor
development.

While the above proposed experiments will provide functional roles for Mycn and
Glil/Gli2 in BCC biology, what are the mechanisms that can suppress these critical downstream
Hh factors? There is an expanding rationale for using bromodomain (BRD) protein inhibitors to
suppress MYC activity 7. BRDs bind onto acetylated lysines in histone tails and then recruit
various chromatin factors and transcriptional machinery for the regulation of gene transcription.
Indeed, Puissant et al. identified JQ1 as a bromodomain candidate that confers an inhibitory
effect in neuroblastoma ®. Shahbazi et al. further observed synergistic inhibition of JQ1 and
Panobinostat (histone deacetylase inhibitor), reduce MYCN protein expression V). Finally, Tang
et al. demonstrated JQ1 inhibits Hh activity in Ptch-deficient medulloblastoma and basal cell
carcinoma 1. Based off these data, will JQ1 reduce Mycn levels in our system? As a pilot
experiment, I would perform JQ1 drug treatment using our established GPP53 BCC cell line (or
ASZ cell line) for 1 week and expect a reduction in Mycn protein levels by western blot.
Because our lab is familiar with drug oral gavage treatment !, future studies may also involve
JQI oral gavage treatment in GPP53 mice.

There are also additional indirect mechanisms that regulate MYCN. Aurora-A is also
suggested to modulates MYCN protein stability !>!3. Aurora-A is normally associated with
mitotic spindles poles and can interact with the N-terminus of MYCN. This interaction
interferes with FBXW7-mediated degradation, which subsequently promotes MYCN protein

stabilization (reviewed in '¥). Indeed, it has been demonstrated that allosteric Aurora-A
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inhibitors induces rapid cell death in neuroblastoma !> '9. Mechanistically, Aurora-A inhibitors
alter the conformation of Aurora-A kinase, which subsequently degrades MYCN and may
provide therapeutic benefit to patients. In addition, Polo-like kinase 1 (PLK1) can be an
alternative mechanism in stabilizing MYCN activity 7. Normally, PLK1 enhances MYCN
protein by phosphorylating and antagonizing FBXW7-mediated MYCN degradation. I therefore
hypothesize Aurora-A or PLK1 inhibitors would reduce Mycn activity and promote tumor
regression in our system. Collectively, the experiments described in this section will evaluate
whether suppressing downstream Mycn, Glil, or Gli2 activity inhibits tumor progression.

6.2.2 What is the role of telomerase in BCCs?

Previous reports have identified telomerase reverse transcriptase (7ERT) promoter
mutations in >50% of human BCC, SCC, and melanoma (®-22, Telomeres are unique structures
at the end of chromosome and serve to protect the chromosomal ends from DNA degrading
activities ®¥. A minimum length of TTAGGG repeats and complex known as shelterin is
required for telomere protection. The shelterin complex is comprised of 3 shelterin subunits
(TRF1, TRF2, and POT1) and interconnected by 3 shelterin proteins (TIN2, TPP1, and Rap1)
29 TERT is responsible for the extension of telomeres by adding specific short repetitive DNA
sequences. Indeed, Bodnar et al. demonstrated telomerase overexpression is sufficient to extend
cell lifespan 9. In addition, Tert-transgenic mouse models that possess aberrant telomerase
expression results in spontaneous tumors 62, Chiba et al. suggest TERT promoter mutations
first delay replicative senescence (phase 1), which subsequently causes increased telomeres and
telomerase activity to promote telomere-driven genomic instability (phase 2) G?.

Preliminary observations from our lab have confirmed upregulation of 7ert mRNA
expression in GPP53 macroscopic tumors when compared to microscopic tumors (Figure 6-2A).
These observations could indicate that 7ert upregulation is an additional genetic factor that
modulates tumor progression. We also confirmed 7ert mRNA expression in anagen hair follicles
(Figure 6-2B). These data might suggest a potential link between Hh, Mycn, and Tert activity.
Indeed, MYCN is reported to activate TERT (reviewed in ®V). This raises the question if
genetically ablating Tert in our system yields fewer macroscopic tumors. I therefore would
incorporate Tert™* conditional alleles into GPP53 mice ®?. As discussed above, if there are any

macroscopic tumors that escape Cre recombination, I would re-treat mice with tamoxifen to fully
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ablate Tert. These experiments may provide the rationale to identify therapeutic mechanisms to
control Tert activity in BCCs.

In chapter 4, I discussed the concepts for immunotherapy and immune privilege. While
there are phase III trials for TERT vaccines (GV1001), results from clinical trials have not been
promising ¢*3%. Duperret et al. observed synergistic blockade of CTLA-4 and DNA vaccine
targeting the tumor antigen TERT causes robust anti-tumor activity 3. Will a synergistic
immune-promotion and TERT vaccine suppress BCC progression? Because we have verified
our technique for injecting neutralizing antibodies in chapter 4, I would utilize either a-mouse
PD-1 (clone RMP1-14, Bio X Cell) or a-mouse CTLA-4 (clone 9D9, Bio X Cell) in combination
with the synthetic consensus mouse TERT DNA vaccine (mTERT) generated by Duperret et al.
As a pilot experiment, [ would inject GP mice with a-CTLA-4 and mTERT for 2 weeks, and
harvest skin biopsies 5-17 weeks post-tamoxifen. I will then characterize GP tumors by IHC
staining for proliferation (Ki67); quiescence (p21, p16, B-galactosidase); and apoptosis (cCasp3,
TUNEL). Similar experiments may be performed in GPP53 mice and I would expect a reduction
in macroscopic tumor formation. These experiments described in this section may potentially
open a new avenue for the role of telomerase in BCC biology.

6.2.3 What are potential transcriptional mechanisms in BCCs?

As mentioned already, our lab has successfully established BCC cell lines derived from

GPP53 macroscopic tumors. To date, our lab has generated over 17 cell lines and profiled 5 cell
lines by RNA-seq. With these ongoing efforts, our RNA-seq analysis should identify additional
candidates and provide us the rationale to perform functional experiments in our G/i/-
CrefRT2; ptch 17o¥1ox gystem. Given the importance of GLI transcription factors in Hh signaling,
we are in the early phases of performing Glil chromatin immunoprecipitation followed by
sequencing (ChIP-Seq) ®%. The expectation of these experiments is to identify chromosomal
profiles that are enriched at GLI1 target genes. If unique GLII target genes are identified, |
would refer to our RNA-seq data and confirm the changes in gene expression. Together, the
proposed ChIP- and RNA-seq experiments described here may further identify existing or novel
transcriptional mechanisms in BCC biology.
6.3 Lessons learned and concluding remarks

In this thesis, I sought to understand the genetic factors that modulate BCC tumorigenesis.

There are many key lessons that I have learned based off the questions I hypothesized throughout
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my PhD thesis research. While there are >50,000 genes in the mouse genome ©7), it is reassuring
that macroscopic BCC tumors in our system can “find a way” to amplify G/i activity for tumor
progression. For the first time, we functionally show upregulation of MYCN, a downstream
effector of Hh signaling, is a critical driver for BCC progression. While BCCs are addicted to
high level Hh pathway activity, we now demonstrate that collaborating oncogenic pathways and
secondary mutations may also facilitate BCC progression. The quest to distinguish functional
driver mutations versus passenger mutations remains open-ended. In summary, my thesis
unlocked a portion of the complex mutational network for BCC and may open new avenues for

therapeutic targeting strategies.
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6.4 Figures

Figure 6-1: GPT macroscopic tumors regress when MYCN transgene is turned off

GPT mice

A. GPT macroscopic tumors can regress and recur when MYCN transgene is removed (middle photo) or turned back on (right

photo).
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Figure 6-2: Tert mRNA expression is upregulated in macroscopic tumors and is expressed in
anagen hair follicles

Microscopic GPP53 tumor

A. mRNA in situ staining for Tert in microscopic (top panels) and macroscopic (bottom panels) GPP53 tumors.
B. mRNA in situ staining for Tert in anagen hair follicle. The red asterisk (*) indicates background staining for hair shaft and
melanocytes.
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