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ABSTRACT OF THE DISSERTATION

Identification of Alternative HH regulators in Basal Cell Carcinoma

by

Rachel Y. Chow
Doctor of Philosophy in Biological Sciences
University of California, Irvine, 2021

Associate Professor Scott Atwood, Chair

Basal cell carcinoma is the most prevalent cancer and it has been well-documented to be
driven predominantly via overactivation of the Hedgehog signaling pathway. Although
vismodegib, a SMO inhibitor, has been proven to be highly effective in treating BCCs, advanced
forms of BCCs often possess inherent resistance while many that initially respond to drug
treatment develop drug resistance over time. This highlights the importance of identifying targets
that are either downstream of SMO or alternative drivers of BCCs in order to bypass SMO-inhibitor
resistance. Here, we use a combination of RNA-sequencing and immunofluorescence staining to
identify and validate the overexpression of other potential pathways that are upregulated in BCCs.
This analysis highlighted the expression of mTOR, PI3K, and SRC. We found that upon
pharmacological inhibition of mTOR and PI3K in our Ptch1”"; Gli1-Creé"*?mouse BCC tumor model
that although BCC growth is significantly inhibited, HH signaling is not. This implies that both the
mTOR and PI3K pathway may work either downstream of or in parallel with HH signaling.

Furthermore, our data suggests that mTOR is affecting BCC growth via aPKC independent of HH



signaling whereas PI3K is likely driving BCC growth via aPKC- and AKT-driven p21 degradation.
However, when SRC was pharmacologically inhibited, it reduced both BCC growth and HH
signaling. We were able to demonstrate that SRC promotes BCC growth via aPKC-dependent
phosphorylation and activation of GLI1. Together, these findings identify alternative means of

being able to target and treat BCCs and, potentially, resistant BCCs as well.
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CHAPTER 1

Introduction



Basal Cell Carcinoma

Basal cell carcinoma (BCC) is the most common of cancers, resulting in approximately 5
million new cases and 3,000 deaths annually in the U.S. alone (Nguyen et al., 2019; Mohan &
Chang, 2014). BCCs make up nearly 80% of non-melanoma skin cancers, with squamous cell
carcinoma making up the other 20%. BCCs are locally invasive malignancies that arise
predominantly from basal cells in the hair follicle bulge, touch dome, and interfollicular epidermis
(IFE) (Peterson et al., 2015; Tan et al., 2018) and are driven by abnormal Hedgehog (HH)
signaling (Atwood et al., 2015; Sekulic and Hoff, 2016). They become evident by a change in the
skin, such as by growth or as a sore that doesn't heal. These abnormalities are also accompanied
by one of the following characteristics: 1) a pearly white, skin-colored or pink bump, 2) a brown,
black or blue lesion, 3) a flat, scaly, reddish patch, or 4) a white, waxy, scar-like lesion (The Mayo
Clinic, 2019).

Not all BCCs appear phenotypically similar, and therefore, can be classified simplistically
into three subtypes based on their histology- nodular, superficial, and infiltrative. However, a
majority of BCCs appear to be a blend of these three subtypes (Raasch et al., 2006). Common
risk factors include chronic sun exposure, radiation therapy, use of immune-suppressing drugs,
fair skin and light hair, increasing age, exposure to arsenic, a personal or family history, and
inherited syndromes that can cause skin cancer such as Gorlin-Goltz or Xeroderma Pigmentosum
(The Mayo Clinic, 2019; Lear et al., 2007; Jaju et al., 2016). BCC tumors have been found more
frequently on individuals with higher incidences of solar keratoses, caused by prolonged and
repeated sun exposure. Additionally, chronic cutaneous sun damage can be used to predict those
who will be affected by more than one BCC. (Richmond-Sinclair et al., 2010). Since chronic sun

exposure is one of the major factors contributing to BCC development, BCCs are most commonly



found in areas with the most exposure, such as the face, chest, arms, and legs (Montagna et al.,
2017).

As UV exposure and other determinants have the potential to cause a humber of random
mutations, this can lead to different forms of BCCs. Roughly 1-10% of patients have locally
advanced BCC, whereas those with metastatic BCC make up about 0.5% of the cases (Mohan et
al., 2014). Their potential for metastasis is low and most cases can be treated with local therapies
such as vismodegib, sonidegib, imiquimod, photodynamic therapy, cryotherapy, surgical excision,
or a combination of these methods. However, recurrences of BCC tumors are frequent, with 50%
risk within five years and 90% in ten years (Montagna et al., 2017). As the rate of recurrence is
quite high, it is important to unveil new therapies to prevent BCC return and to combat the new

mutations that lead to these recurrences.

Hedgehog Signaling and Basal Cell Carcinoma

HH signaling is essential for the development of all vertebrates and drives proliferation,
migration, and differentiation of progenitor cells to pattern organs (Varjosalo and Taipale, 2008).
In the absence of a HH ligand, 12-transmembrane cholesterol receptor Patched1 (PTCH1) is active
and suppresses 7-transmembrane receptor Smoothened (SMO) activity. This allows Suppressor
of Fused (SUFU) to inhibit GLI from translocating into the nucleus to activate target genes.
However, in the presence of a HH ligand, PTCH1 is suppressed, allowing for SMO activity and
SUFU repression. This allows for GLI to be activated and translocated into the nucleus to activate
genes involved in proliferation, migration, and invasion. Additionally, GLI1 auto-regulates HH
signaling by transregulating P7CH1, resulting in a positive feedback loop (Yoon et al., 2002).

As BCCs are driven by aberrant activation of the HH pathway, mutations along this

pathway are of no surprise. Inactivating PTCH1 mutations make up roughly 73% of BCC cases,



with activating mutations in SMO making up 20%, and loss-of-function SUFU mutations making
up about 8% (Bonilla et al., 2016). These mutations, in addition to mutations in other cancer-
related genes such as P53 (Bonilla et al., 2016), in the epidermal basal cells result in the aberrant
and uncontrolled activation of the HH pathway which leads to BCC development and growth.
Additionally, this type of inappropriate HH pathway activation also drives growth of a variety of
cancers including brain, pancreatic, prostate, and small cell lung cancer that account for up to

25% of all human cancer deaths (Epstein et al., 2008).

Drug Resistant Basal Cell Carcinoma

SMO antagonists such as vismodegib are FDA-approved to treat advanced and metastatic
BCC (Atwood et al., 2012). However, nearly 60% of advanced tumors display inherent vismodegib
resistance and 20% of tumors that do respond acquire drug resistance every year (Chang and
Oro, 2012). The majority of vismodegib resistance is driven by SMO mutations that are either
within or immediately adjacent to the drug binding pocket or at a more distant site. These
mutations have the ability to either block drug interaction or inappropriately activate the protein
even in the presence of inhibitor (Atwood et al., 2015; Sharpe et al., 2015). SMO mutations
account for about 50% of resistant BCC cases (Atwood et al., 2015; Ridky and Cotsarelis, 2015)
while a smaller proportion possesses SUFU inactivation mutations and/or GLI2 amplification
(Sharpe et al., 2015). This illustrates a critical need to identify therapeutic targets downstream of
SMO or targets that contribute to non-canonical HH signaling in order to suppress HH pathway
activity.

More recently, there has been evidence of resistant BCCs switching from HH to Ras/MAPK
pathway dependence in the absence of cilia. Additionally, data suggests that Ras/MAPK pathway

activation can lead to resistance against both canonical and non-canonical HH pathway inhibitors



while resulting in sensitivity to MEK inhibitors. This supports a switch from a GLI1-dependent to

a GLI1-independent switch (Kuonen et al., 2019).

Non-Canonical HH Signaling

No system is ever straight-forward, especially in cancers. In addition to canonical
signaling, there exists non-canonical signaling and crosstalk between different signaling
pathways. This poses a challenge because cancers which possess non-canonical HH signaling are
more resistant to SMO inhibition, decreasing the efficacy of SMO antagonists (Pietrobono et al.,
2019). To date, there are a number of identified pathways and players that have been
demonstrated to regulate the HH pathway. By being able to understand how these non-canonical
regulators affect the HH pathway, specifically in the context of BCC, it will give us a better

understanding of how we can better treat both sensitive and drug-resistant BCCs.

PI3K/AKT/mTOR Signaling

The PI3K/AKT/mTOR signaling pathway is an important pathway involved in various
cellular processes such as proliferation, metabolism, survival, and differentiation in both normal
physiology and in pathological conditions such as cancer (Yu and Cui, 2016). Riob6 et al. first
demonstrated the involvement of PI3K signaling in HH regulation by showing that PI3K signaling
is essential for GLI transcriptional activity in NIH 3T3 cells. They demonstrated that AKT
antagonizes PKA, thereby preventing proteosomal degradation of Gli2 and facilitating its
activation and nuclear localization (Riobd et al., 2006). Singh et al. showed that overexpression
of AKT in large cell lymphoma increases GLI1 expression by inhibiting GSK3f (Singh et al., 2009)
and that activation of the PI3K/AKT pathway enhances GLI1 protein stability in pancreatic and

ovarian cancers (Singh et al. 2017). Similarly, AKT has been shown to stimulate GLI1 nuclear



localization and transcriptional activity in human prostate cancer, melanoma, and glioma cells
(Stecca et al., 2007).

Downstream of PI3K signaling is mTOR, which has been demonstrated to have conflicting
results in terms of whether it functions upstream or downstream of the HH pathway. In
esophageal adenocarcinoma, activated mTOR signaling promotes GLI1 transcriptional activity
through S6K1-1 mediated phosphorylation of GLI1, releasing it from its endogenous inhibitor,
SUFU (Wang et al., 2012). In glioblastoma multiforme, mTORC2 inactivates GSK3p, thereby
preventing ubiquitination of GLI2. This promotes GLI2 stability and its nuclear localization (Miati
et al., 2017). However, studies in neuroblastoma demonstrate that inhibition of the mTOR/S6K1
pathway suppresses cancer growth but does not affect GLI1 expression (Diao et al., 2014).
Additionally, in pancreatic and ovarian cancer cells, HH signaling has been shown to induce

DYRK1B expression, which leads to activation of the mTOR/AKT pathway (Singh et al., 2017).

RAS/RAF/MEK/ERK Signaling

The RAS/RAF/MEK/ERK cascading pathway activates transcription factors and regulates
gene expression in processes which include apoptosis, proliferation, and differentiation (Li et al.,
2016). Activation of the RAS/RAF/MEK/ERK pathway, predominantly via mutations or alterations
in RAS, RAF, and MEK, results in the overactivation of extracellular signal-regulated kinase 1 and
2 (ERK 1/2) and mitogen-activated protein kinase (MAPK), which ultimately leads to tumor growth
(Samatar & Poulikakos, 2014). The first evidence of the RAS/RAF/MEK/ERK pathway positively
regulating the HH pathway was described in NIH 3T3 cells by Riobd et al. (2006a), who
demonstrated that constitutively active MEK1 upregulates GLI1 activity and this activity is
abolished upon MEK1/2 inhibition. Following this, a number of reports demonstrated a relationship

between HH and RAS/RAF/MEK/ERK signaling, especially in instances of cancer.



In pancreatic adenocarcinoma (PDAC), characterized by high incidences of activating
KRAS mutations, it has been shown that HH signaling is important for both cancer initiation and
progression (Morton et al., 2007). In a human PDAC cell line, HPDE-c7, KRas"!? leads to an
increase in GLI1 protein levels and transcriptional activity, and this increase is insensitive to SMO
inhibition. However, when MEK1/2 is inhibited, GLI1 protein stability and HH pathway activation
are decreased (Ji et al., 2007). In a mouse model of PDAC, oncogene KRAS®!?® coordinates with
a dominant active form of GLI2 which lacks the repressive N-terminal domain to initiate PDAC
growth.

In human melanoma cells, oncogenes NRAS®®K and HRASY!?¢ prevent SUFU's
sequestration of GLI1 in the cytoplasm. This enhances GLI1 transcriptional activity and nuclear
localization (Stecca et al., 2007). In gastric cancer, KRAS increases GLI transcriptional activity
and ultimately tumor proliferation (Seto et al., 2009). Similarly, in colon cancer cells, the RAS/RAF

pathway promotes GLI1 and GLI2 transcriptional activity (Mazumdar et al., 2011).

PKC Signaling

Protein kinase C is a family of serine/threonine kinases that consists of three classes:
classical (isoforms a, BI, BII, and y), calcium-independent (isoforms 9, €, n, and 8), and atypical
(isoforms C and 1/A). PKC signaling regulates a variety of cellular responses including proliferation,
differentiation, apoptosis, and the inflammatory response (Frey et al., 2000, Kim et al., PLos One
2013). As PKC is involved in a multitude of signaling cascades, it is unsurprising that PKCs have
been shown to play a role in HH regulation.

Atwood et al. demonstrated that aPKC-1/A can phosphorylate and activate GLI1 in BCC,
indicating that aPKC-i/A is capable of promoting BCC growth and progression by regulating the
HH signaling pathway. Additionally, in a lung squamous cell carcinoma model, aPKC-I/A has been

shown to directly phosphorylate and activate SOX2, a well-known stem-associated transcription



factor. Activation of SOX2 results in the production of HH ligand which then feeds into the HH
signaling pathway (Justilien et al., 2014). This provides additional evidence in which aPKC-1/A can
contribute to the HH pathway. Despite its importance, little is known about how aPKC-i/A activity
is regulated in these contexts. Based on reports from other labs, potential activators may include
CDC42, PARD6A, SRC, Ceramide, PDK1, mTOR, and PI3K. Previous /in vitroand in vivo work show
aPKC-1/A has a moderate level of basal activity that is repressed by Par6 (Atwood et al., 2007).
Cdc42 interacts with Par6 and partially relieves this repression through unknown mechanisms.
aPKC-1/A is initially phosphorylated co-translationally by mTOR on aPKC-i/N’s turn motif, and then
subsequently phosphorylated by PDK1 on aPKC-I/A's activation loop (Tobias et al., 2016). Both
phosphorylations are required maturation steps for aPKC-1/A kinase activity, but there may be
overlap with other kinases during aPKC-i/A maturation. SRC also phosphorylates the kinase
domain of aPKC-1/A, and mutation of the SRC phosphosite significantly reduces aPKC-I/A activity
in cell culture (Wooten et al., 2001). Ceramide has also been shown to regulate aPKC-I/A activity
in vitro and aPKC-i/\ localization in cell culture by binding aPKC-1/A’s kinase domain, however,
both activation and inhibition was observed to occur depending on the concentration of ceramide
(Wang et al., 2009; 1999). Finally, PI3K has been shown to activate aPKC-1/A through generation
of phosphoinositides that bind aPKC-1/A's pseudosubstrate and preventing autoinhibition (Ivey et
al., 2014; Standaert et al., 1997).

The role of other PKC isoforms, however, is somewhat controversial. In HEK293T cells,
constitutive activation of PKC-a has been shown to reduce GLI1 transcriptional activity, whereas
overactivation of PKC-0 enhances it independently of MAPK signaling (Neill et al.,2003).
Contrastingly, Cai et al. (2015) found that in hepatoma Hep3B cells, PKC-a upregulates GLI1
transcriptional activity via MEK1/2-ERK1/2 activation while both wild-type and constitutively active

PKC-0 negatively regulates both G/i7 and PTCHI. And lastly, Riobo et al. (2006b) showed that



PKC-0 and MEK-1 mediation of phorbol esters results in the overexpression of GLI1 in NIH3T3

cells.

TGF-pB Signaling

The transforming growth factor B (TGF-B) signaling pathway is important for adult tissue
homeostasis and embryo development (Pietrobono et al., 2019). However, its role in
carcinogenesis can be complicated because of its ability to act as both a tumor suppressor or
oncogene depending on the type and stage of cancer (David and Massague, 2018). Dennler et
al. was the first group to demonstrate that TGF-B can regulate GLI transcriptional activity
independent of SMO. They showed in human fibroblasts and keratinocytes, and in PDAC and
breast cancer cells, that elevation of GLI1 and GLI2 expression is dependent on TGF-f via a
SMAD3-dependent mechanism (Dennler et al., 2007). Their subsequent study showed that GLI2
is a direct target of TGF-B, resulting in substantial increase of GLI2 expression via SMAD3 and f3-
catenin cooperation on the GLI2 promoter (Dennler et al., 2009).

Several mouse models have highlighted the necessity of TGF-B signaling in HH-dependent
cancers. In a SMO-driven BCC model, inhibition of TGF- by TBRI antagonist SD208 dramatically
reduced tumor load and promoted lymphatic infiltration, suggesting the importance of TGF-. A
similar phenomenon is seen in human BCCs that possess both HH and TGF-$ hyperactivation (Fan
et al., 2010). Additionally, in a pancreatic cancer model, both TGF-B and KRAS signaling appear
to be necessary for SMO-independent GLI1 activation (Nolan-Stevaux et al., 2009).

GLI activation by TGF-B also plays a prominent role in epithelial to mesenchymal transition
(EMT) and invasion in various tumors. In a metastatic breast cancer cell line, MDA-MB-231, TGF-
B requires SMO-independent GLI2 induction in order to encourage the expression of PTHrP, a
predominant factor in bone metastasis (Johnson et al., 2011). SMO does not appear to be

detectable in these cells and thus SMO inhibition by cyclopamine has no effect on GLI2. However,



using the repressor form of GLI2 to inhibit HH signaling suppresses both endogenous and TGF-
B-stimulated PTHrP, reducing bone metastasis in mice. This suggests that GLI2 works
downstream of TGF- to drive metastasis (Johnson et al., 2011). In melanoma, GLI2 levels are
associated with mesenchymal features and phenotype both /n vitro and in vivo. And therefore,
GLI2 silencing has been shown to prevent bone metastasis and reduce invasion into the
extracellular matrix (Alexaki et al., 2010).

The relationship between TGF- and HH signaling has also been associated with cancer
stemness and chemoresistance. In colorectal cancer, TGF-f secreted by cancer-associated
fibroblasts and hypoxia-inducible factor (HIF-1a) coordinate to induce GLI2 expression
independent of HH signaling (Tang et al., 2018). This TGF-B/HIF-1a/GLI2 signature has been
associated with cancer stemness and chemoresistance in colorectal cancer patients, with patients
commonly relapsing after treatment. Interestingly, inhibition of both GLI and TGF-f restores
chemosensitivity and reduces the presence of cancer stem cells (Tang et al., 2018). In ovarian
cancers that are enriched with cancer stem cells expressing high levels of GLI2 and elements of
the TGF-B pathway, GLI2 inhibition sensitizes these tumors to cisplatin treatment and dramatically
suppresses tumor growth (Steg et al., 2012). Lasty, in resistant BCCs, TGF-f3 cooperates with AP-
1 to activate nuclear myocardin-related transcription factor (nMRTF) to amplify Glil activity non-

canonically (Yao et al., 2020).

AMPK

5’ Adenosine monophosphate (AMP)-activated protein kinase (AMPK) is a serine/threonine
kinase that plays a crucial role in cellular energy homeostasis. It is activated by elevated AMP/ATP
ratios and responds to changes in nutrient supply and environmental conditions (Pietrobono et
al., 2019). Li et al. (2015) demonstrated that activated AMPK decreases GLI1 transcriptional

activity and protein stability via serine/threonine phosphorylation (Ser102, Ser408, Thr1074).

10



However, Di Magno et al. (2016) shows in human medulloblastoma that only phosphorylation at
Ser408 by AMPK is necessary for GLI1 degradation and reduced HH-driven cell growth.
Additionally, AMPK increases the cytoplasmic localization of GLI1, promoting its interaction with
B-TRCP, an E3-ubiquitin ligase, leading to proteasomal degradation of GLI1 (Zhang et al., 2017).

AMPK can also metabolically reprogram adipocytes towards glycolysis, resulting in
increased glucose uptake. This leads to HH pathway activation downstream of SMO (Teperino et
al., 2012). Additionally, AMPK can mediate non-canonical HH signaling which results in polyamine
metabolism, and targeting this phenomenon has been shown to inhibit HH-dependent

proliferation of medulloblastoma /n vivo and in vitro (D’Amico et al., 2015).

DYRK1 and 2

Dual-specificity tyrosine phosphorylation-regulated kinases (DYRKS) are a family of serine,
threonine, and tyrosine kinases that play essential roles in cell proliferation and differentiation
(Boni et al., 2020). The DYRK family consists of five members, but only DYRK1 and DYRK2 have
been shown to be associated with the HH pathway. DYRK1A and DYRK1B play dual roles in GLI
regulation. Overexpression of DYRK1A has been shown to promote GLI1 nuclear translocation
(Mao et al., 2002; Shimokawa et al., 2008) via direct phosphorylation of GLI1 in the N-terminus
(Schneider et al., 2015; Ehe et al., 2017). Conversely, Schneider et al. also demonstrated that
DYRKI1A can repress megakaryoblastic leukemia 1 (MLK1), a transcriptional coactivator, thereby
inducing GLI1 degradation independent of upstream PTCH1/SMO signaling. The functionality of
DYRK1A seems to be dependent on GLI1 expression levels and is cell-type specific. DYRK1B can
also act as either an activator or repressor. It is capable of both inhibiting GLI2 function and
promoting the formation of the GLI3 repressor form (Lauth et al., 2010). However, other reports
have shown that DYRK1B can increase GLI1 activity and that its inhibition of its activity can

repress GLI1 expression in both sensitive and SMO-inhibitor resistant cells (Gruber et al., 2016).
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Another study in fibroblasts demonstrated that DYRK1B can promote AKT-mediated GLI1 stability
(Singh et al.,, 2017). Unlike DYRK1A and DYRK1B, DYRK2 is mainly an inhibitor. It can
phosphorylate GLI2 at conserved serine residues to promote its proteasomal degradation

(Varjosalo et al., 2008).

Potential BCC Therapies

Although it is clear that inhibition of HH signaling is necessary for suppressing and
inhibiting the growth of certain cancers, most efforts have been made in mainly targeting HH at
the level of SMO. Such inhibitors include vismodegib (GCD-0449), sonidegib (NPV-LDE-225),
glasdegib (PF-04449913), taladegib (LY2940680), BMS-833923, saridegib (IPI-926), and
cyclopamine (Pietrobono and Stecca, 2018). Of these, vismodegib and sonidegib have been FDA
approved to treat locally advanced and metastatic BCCs and have been quite successful in treating
not only BCCs, but also medulloblastoma and other HH-dependent cancers (Rodon et al., 2014;
Wagner et al., 2015; Stathis et al., 2017). However, the acquisition of resistance due to SMO
mutations poses a challenge to these therapies. Therefore, it is important to develop therapies
that target HH signaling either at the level of GLI or through non-canonical activators of the HH
pathway.

In recent years, there have been attempts at developing GLI inhibitors in order to bypass
the dilemma of SMO mutations. GANT58, GANT61 (Lauth et al., 2007), and Glabrescione B
(Infante et al., 2015) have been shown to interfere with GLI's ability to bind DNA, whereas HPI1-
4 (Hyman et al., 2009) and ATO (Kim et al., 2010; Beauchamp et al., 2011) have been shown to
regulate GLI processing and activation. However, all of these drugs, with the exception of ATO
which showed to be cytotoxic /n vitro and is not specific for GLI (Yedjou & Tchounwou, 2007),

have proven to be unfit clinical candidates. Therefore, since directly targeting GLI does not seem
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plausible at the moment, the most ideal method for disrupting GLI-dependent cancers may be to
target non-canonical activators of GLI in addition to using SMO inhibitors.

Since the PI3K-AKT-mTOR pathway has been shown to be involved in enhancing GLI1
stability, nuclear localization, and transcriptional activity, it poses as a promising therapeutic
target for HH-dependent cancers. In pancreatic cancer stem cells, combined treatment with SMO
inhibitor sonidegib and PI3K/mTOR inhibitor NVP-BKM120 resulted in reduced survivability and
tumorigenicity (Sharma et al., 2015). Similarly, a combination of GLI inhibitor GANT61 and mTOR
inhibitor rapamycin resulted in an additive effect in decreasing pancreatic cancer cell viability and
cancer stem cell regeneration. This combination also reduced in vivo growth of pancreatic cancer
xenografts (Miyazaki et al., 2016). In esophageal adenocarcinoma cell lines and mouse
xenografts, combination of SMO inhibitor vismodegib and mTOR inhibitor everolimus resulted in
a dramatic decrease in HH signaling, suggesting that PI3K/mTOR could be a major component of
the development of SMO-inhibitor resistance in esophageal cancers (Wang et al., 2012). When
comparing expression profiles of sonidegib- sensitive and -resistant medulloblastomas, a humber
of PI3K target genes were enriched only in the resistant samples. This also suggests that PI3K
activation may contribute to the development of resistance. In fact, dual treatment with NVP-
BKM120 and sonidegib delayed the onset of resistance and tumor regrowth (Buonamici et al.,
2010). This same treatment in glioblastomas induces mitotic catastrophe and apoptosis (Gruber-
Filbin et al., 2013). Additionally, PI3K inhibitor GDC-0941 has been shown to result in significant
growth inhibition in vismodegib-resistant tumors (Dijgraaf et al., 2011). Taken together, SMO
inhibition combined with PI3K/mTOR inhibitors may prove promising in preventing the onset of
resistance in HH-dependent tumors.

The RAS-RAF-MEK pathway has been demonstrated to provide compensatory GLI

activation independent of SMO, making it a favorable target for HH-dependent cancer treatment.
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Several studies have illustrated a synergistic effect between SMO and MEK inhibitors. In prostate
cancer characterized by hyperactivation of MAPK signaling, dual-administration of SMO inhibitor
SANT-1 and MEK1 inhibitor PD325901 reduced cancer cell growth more dramatically than with a
single treatment (Gioeli et al., 2011). Similarly, in cholangiocarcinioma cells, treatment with both
SMO inhibitor cyclopamine and MEK inhibitor U0126 displayed heightened reduction in cell
proliferation and survival (Jinawath et al., 2007). In medulloblastomas, overactivation of the
MAPK signaling pathway has been associated with the acquisition of vismodegib resistance. It
does so by promoting a small subpopulation of SMO-inhibitor resistant cells that are driven by the
RAS-RAF-MEK pathway for proliferation (Zhao et al., 2015). Similarly, inhibition of MEK1/2 in
resistant PDAC cells displayed reduced GLI activation (Ji et al., 2007).

Although studies on PKCs have provided some conflicting evidence of HH regulation,
aPKC-1/A has been demonstrated to be a promising target for HH-dependent and drug resistant
cancers. Treatment of allografted BCC tumors and resistant BCC cells with aPKC inhibitor PSI
resulted in reduced HH signaling and tumor cell proliferation (Atwood et al., 2013). Additionally,
Mirza et al. (2017) showed that combined inhibition of aPKC-1/A with PSI and histone deacetylase
(HDAC) with vorinostat demonstrated cooperative inhibition of BCC growth.

Since the TGF-B pathway has been shown to activate GLI independently of SMO, perhaps
combined treatment targeting both SMO and TGF-f could help eradicate HH-dependent tumors.
Dennler et al. (2007) demonstrated that inhibition of TGF-B can reduce GLI2 expression in SMO-
inhibitor resistant PDAC cells which express high levels of GLI, resulting in repression of cancer
cell growth. Additionally, combination treatment with TGF-f inhibitor SD208 and GLI inhibitor
GANT61 has the ability to reverse drug resistance in colorectal cancer and prevent cancer stem

cell regrowth after chemotherapy treatment (Tang et al., 2018).
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Other more nonconventional modes of inhibiting HH signaling involve targeting
cytoskeletal remodeling. Whitson et al. (2018) demonstrate that inhibition of MLK1 blocks RhoA-
dependent serum growth factor (SRF)/MLK1-driven upregulation of GLI1, a pathway known to

promote drug resistance in BCCs.

Summary

The aim of this dissertation is to identify alternative regulators of HH signaling in BCC in
order to shed light on other potential therapies for sensitive and resistant BCCs. Our lab previously
reported that aPKC can directly phosphorylate and activate HH signaling at the level of GLI1
(Atwood et al., 2013), so this project initially started out as a screen to determine if targeting
potential aPKC activators could ultimately reduce BCC growth and HH signaling. Potential
activators included CDC42, PARD6A, SRC, Ceramide, PDK1, mTOR, and PI3K. Our initial screen
only looked at whether or not inhibiting these potential targets affect HH signaling and/or BCC
growth. The most promising targets are discussed in Chapters 2-4. In Chapter 2, we demonstrate
that inhibition of mTOR reduces BCC growth but not HH signaling. However, aPKC activity does
appear to be attenuated, suggesting that mTOR may be affecting BCC growth potentially through
another aPKC target independent of GLI1. In Chapter 3, similar to Chapter 2, we show that PI3K
inhibition decreases BCC growth but not HH signaling /n vivo. However, two PI3K downstream
targets, aPKC and AKT, showed a reduction in activity whereas their substrate, p21, displayed an
increase in protein stability. This suggests that PI3K promotes BCC growth via p21 degradation.
Lastly, in Chapter 4, we provide evidence that SRC affects both HH signaling and BCC growth via
an aPKC mechanism. Overexpression of SRC alone increases HH signaling whereas an inactive
form of SRC reduces HH to the levels of control. Additionally, when SRC phosphorylation sites on

aPKC are mutated, HH signaling is significantly reduced. This suggests that SRC can promote BCC

15



growth possibly through direct phosphorylation and activation of aPKC. Taken together, we've
been able to provide evidence of BCC reduction via inhibition of mTOR, PI3K and SRC. Targeting

these other proteins and pathways may provide promising therapies for sensitive and advanced

BCCs.
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CHAPTER 2

mTOR promotes basal cell carcinoma
growth through atypical PKC
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SUMMARY

Advanced basal cell carcinomas (BCCs) are driven by the Hedgehog (HH) pathway and
often possess inherent resistance to SMO inhibitors. Identifying and targeting pathways that
bypass SMO could provide alternative treatments for patients with advanced or metastatic BCC.
Here, we use a combination of RNA-sequencing analysis of advanced human BCC tumor-normal
pairs and immunostaining of human and mouse BCC samples to identify an mTOR expression
signature in BCC. Pharmacological inhibition of mTOR activity in BCC cells significantly reduces
cell proliferation without affecting HH signaling. Similarly, treatment of the Ptch1”" Gli1-CrefR™?
mouse BCC tumor model with everolimus reduces tumor growth. aPKC, a downstream target of
mTOR, shows reduced activity, suggesting that mTOR promotes tumor growth by activating aPKC

and demonstrating that suppressing mTOR could be a promising target for BCC patients.
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INTRODUCTION

Basal cell carcinoma (BCC) is the most common of cancers, with nearly 5 million new
cases in the United States every year (Nguyen et al., 2019). BCCs result from aberrant activation
of the Hedgehog (HH) signaling pathway, an important pathway normally involved in embryonic
development and adult tissue homeostasis (Varjosalo et al., 2008). Smoothened (SMO) inhibitors
such as vismodegib are commonly used to suppress tumor growth in advanced cases where
tumors are surgically non-resectable. Unfortunately, SMO inhibitor treatment is only effective in
~40% of advanced patients (Sekulic et al., 2012), with ~20% of patients who do respond
eventually developing resistance each year (Chang & Oro, 2012). Developing therapies to bypass
SMO inhibitor resistance is a critical need and an active area of investigation, especially as
inappropriate HH pathway activation also drives other cancers such as rhabdomyosarcoma,
medulloblastoma, and basal cell carcinoma (Zibat et al., 2010; Rutkowski et al., 2005; Epstein
2008).

Normally, HH ligand binds to the cholesterol transporter Patchedl (PTCH1), derepressing
the G-protein coupled receptor SMO and allowing for activation of the GLI transcription factors to
translocate into the nucleus and activate target genes involved in proliferation, migration, and
invasion (Varjosalo et al., 2008). Most patients who develop BCCs possess inactivating PTCH1
(~70%) or activating SMO (~20%) mutations which drive uncontrolled HH signaling (Bonilla et
al., 2016), making SMO a natural target to treat a majority of cases. Resistance to SMO inhibitors
primarily occurs through secondary mutations in SMO that either prevent drug binding or result
in constitutive activation even when drug is bound (Atwood et al., 2015; Sharpe et al., 2015).
Recent work on circumventing SMO inhibition has concentrated on shutting down GLI activation,

where preclinical targeting of aPKC (Atwood et al., 2015; Atwood et al., 2013), HDAC1 (Mirza et
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al., 2017; Gruber et al., 2017), MKL1 (Whitson et al., 2018), and MEKK2/3 (Lu et al., 2018) have
all shown some efficacy.

Targeting other GLI responsive signaling pathways is an area of growing interest,
however, untangling their myriad interactions to define their mechanism of action is complex. For
instance, loss of primary cilia in advanced BCCs can, in some cases, shut down HH signaling and
concomitantly increase MAPK pathway activation, resulting in a switch from BCC to squamous cell
carcinoma (Kuonen et al., 2019). This mutual antagonism between RAS/MAPK and HH signaling
can drive SMO inhibitor resistance and MAPK inhibitors can suppress tumor cell growth when the
RAS/MAPK pathway is dominant (Zhao et al., 2015). mTOR is another major oncogenic player
that has been associated with uncontrolled proliferation, resistance of cell death, evasion of
immune destruction, and dysregulated cell metabolism (Kim et al., 2017). Whether mTOR acts
upstream, alongside, or downstream of the HH pathway in BCC and by what mechanism is
complicated by disparate results in other cancers. In esophageal adenocarcinoma, mTOR
functions through S6K1 to phosphorylate GLI1 and promote its transcriptional activity (Wang et
al., 2012). However, studies in neuroblastoma demonstrate that inhibition of the mTOR/S6K1
pathway suppresses cancer growth but does not affect GLI1 expression (Diao et al., 2014).
Additionally, in pancreatic and ovarian cancer cells, HH signaling has been shown to induce
DYRK1B expression, which leads to activation of the mTOR/AKT pathway (Singh et al., 2017).

Here, we provide evidence that an mTOR signature is significantly enriched in both human
and mouse BCCs. We demonstrate that /n vitro and /n vivo inhibition of mTor results in significant
reduction in BCC growth independent of aPKC-mediated activation of HH signaling. Our results
suggest that mTOR operates downstream of GLI1 and may be a viable target to treat advanced

BCC patients.
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RESULTS

mTOR pathway expression is significantly enriched in advanced human BCCs

To identify alternative pathways that drive BCC growth, we reanalyzed our bulk-level RNA
sequencing data from 14 tumor-normal pairs of advanced BCC patients whose tumors were
surgically non-resectable (Atwood et al., 2015). 1602 genes were upregulated by two-fold or
more when differential gene expression was averaged across all 14 samples (Figure 2.A). KEGG
analysis of upregulated genes indicated the expected cancer-related terms such as cell cycle,
genes involved in BCC, and the HH signaling pathway (Figure 2.1B). Interestingly, the mTOR
pathway showed significant enrichment along with the related PI3K-AKT and HIF-1 pathways
(Figure 2.1B). mTOR-related pathways were even more prominent with Kinase Enrichment
Analysis (Rouillard et al., 2016) of the upregulated genes where MAPK, AKT, GSK3B, PLK1 and
S6K kinase terms showing significant enrichment, along with the expected CDKs (Figure 2.1C).
Three of the tumors (7, 8, 13) showed similar strong differential gene expression compared with
the rest of the cohort. When analyzing the 1412 genes that were commonly upregulated by two-
fold or more in these three tumors and the 429 commonly upregulated genes from the rest of
the samples, the mTOR pathway remained significantly enriched in both datasets, suggesting that
promotion of the mTOR pathway is a common event in BCC. When we analyzed gene expression
of the mTOR pathway, mTORC1 complex components and downstream targets showed significant
upregulation in most tumors such as RPTOR, RPS6KA1, and EIF4EBP1, whereas mTOR gene

expression itself was significantly increased in only a subset of tumors (Figure 2.1D).

22



Il AKT/GSK3B
I PLK1

= s6K

[ HH pathway and BCC
= MTOR pathway

Il Cell cycle

/

A
u

sebigpbh

*

change

Log2 fold
-10

10

D

.??ﬂ??T?%?%?é?@T@@%?ﬁéée%éaf$géé%é@5$ééﬁ%éél

i

*XE
AR
%

* I

Tumor-Normal Pairs

r T T T
(= w o w0

12345678 91011121314

1
(suared |ewuou-towny)

seusn abueyo pioj gbo

(@]

23



Figure 2.1. The mTOR pathway is differentially expressed in advanced human BCCs.
A) Heat map of differentially expressed genes upregulated by 2-fold or more in advanced human
BCCs compared to patient-matched normal skin. B) KEGG analysis of differentially expressed
genes showing significant terms as indicated. Cell cycle, p = 3.10 x 108; BCC, p = 1.03 x 10%
HH signaling pathway, p = 2.49 x 10, mTOR signaling pathway, p = 0.00228; PI3K-AKT signaling
pathway, p = 0.00675; HIF-1 signaling pathway, p = 0.0132. C) Kinase Enrichment Analysis of
differentially expressed genes showing significant kinases as indicated. In descending significance
to color codes: CDK2, p = 4.80 x 10%%; CDK1, p = 1.13 x 10%; MAPK14, p = 2.59 x 10, GSK3B,
p = 5.42 x 10'6; CDK15, p = 3.88 x 10*; CDK14, p = 4.39 x 10*%; CDK18, p = 4.94 x 10"%; CDK11A,
p = 6.23 x 10 PLK1, p = 0.00296; MAPK1, p = 0.00460; AKT1, p = 0.00534; MAP3K10, p =
0.00641; MAPK9, p = 0.00828; RPS6KA5, p = 0.0123; RPS6KA1, p = 0.0332. D) Box and whisker
plots of differentially expressed mTOR pathway components in advanced human BCCs compared
to patient-matched normal skin. Box represents 25" to 75" percentiles. Whiskers represent
minimum and maximum data points. Bar represents mean. Significance was determined by

unpaired two-tailed ftest (*, p < 0.05; **, p < 0.01; ***, p < 0.001).
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mTOR is upregulated in human and mouse BCCs

To validate mTOR expression at the protein level in BCC tumors, we immunostained both
human and mouse BCC tumor samples and compared them to normal epidermis. Human BCC
tumors showed significant enrichment of mTOR immunostaining in the cytoplasm of nodular
human BCC tumor cells compared to normal epidermis (Figure 2.2A-B). However, individual tumor
immunostaining showed a large variation in protein expression with some tumors not showing
enrichment compared to normal epidermis, a similar pattern to the RNA-seq data analysis (Figure
2.1D). To analyze mTor expression in mice, we utilized a Ptch1™"; Gli1-Creé®f? mouse model in
which BCC tumors predominantly arise from G/iI-positive regions within the hair follicle bulge and
secondary hair germ (Peterson et al., 2015). BCC tumors were allowed to grow for five weeks
post-tamoxifen treatment and formed predominantly from the hair follicle regions. mTor
immunostaining showed significantly increased expression in the cytoplasm of tumor cells
compared to either the normal epithelium or normal hair follicle (Figure 2.2C-D). A similar
variation in staining was observed in both mouse and human tumors. Collectively, these results

indicate that the mTOR pathway is overexpressed in a subset of both human and mouse BCCs.
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Figure 2.2. mTOR is overexpressed in human and mouse BCC. A) Immunofluorescent
staining of indicated markers in human normal epidermis and nodular BCC. Scale bar, 50 um. B)
Quantification of mTOR immunostain intensity (n = 5 different points of measurement from 4
individual samples). AU, arbitrary units. C) Immunofluorescent staining of indicated markers in
normal epidermis, normal hair follicle, or BCC derived from Ptch1”" Gli1-Cre?®™? mice. Scale bar,
50 ym. D) Quantification of mTor immunostain (n = 5 different points of measurement from 5
mice). Error bars represent SEM. Significance was determined by unpaired two-tailed ttest. *, p

< 0.05; **, p < 0.01; ***, p < 0.001.
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mTor inhibition suppresses murine BCC cell growth but not HH signaling

We next wanted to assay whether mTor inhibition suppresses HH signaling and tumor cell
growth. We treated ASZ001 mouse BCC cells with three different mTor inhibitors that are in
various stages of clinical use: everolimus, rapamycin, and OSI-027. Everolimus and rapamycin
act as allosteric inhibitors, while OSI-027 acts as a competitive ATP inhibitor (Benjamin et al.,
2011; Leung et al., 2015; Rehan et al., 2017). Rapamycin and OSI-027 treatments did not result
in significant changes in HH signaling as assayed by G/iZ mRNA expression, whereas everolimus
treatment resulted in a slight but not significant increase in G/il expression (Figure 2.3A). As
mTor expression has previously been shown to be HH-dependent in ASZ001 cells (Kim et al.,
2018), our results reinforce the idea that mTor does not operate upstream of the HH pathway in
BCC. Despite not significantly influencing HH signaling, treatment with all three mTor inhibitors
resulted in a decrease in BCC cell growth over time (Figure 2.3B-D). A reduction in BCC cells
undergoing everolimus and rapamycin treatment can be seen as early as two days after initial
drug exposure, whereas OSI-027 treatment required at least four days to see a significant effect
on tumor cell growth compared to DMSO vehicle control. An increase in cleaved Casp3 and
decrease in Mki67 immunostaining was observed upon everolimus treatment (Figure 2.4),
suggesting that mTor inhibition promotes apoptosis and a decrease in proliferation of tumor cells.
Together, these data demonstrate that mTor inhibition can suppress BCC cell growth without
altering Gli1 expression, suggesting that mTor operates downstream of, or in parallel to, the HH

pathway.

27



A B _ Everolimus treatment

47 0.8
@
=2
w 37 — 0.6 1 - DMSO
S _ 3 )
z w =&~ Everolimus S -= 2nM
< 21 -e- Rapamycin 5 041 = 10 nM ***
z s T s 50 1 ***
E 14 < 0.2 250 nM ***
=
0 D ALl B Al ALl B AL Bl el ] 0_0 T T T T
0.01 0.1 1 10 100 100010000 0 2 4 6
Drug [nM] Time (days)
C 08 - Rapamycin treatment D 0s o ©OSI-027 treatment
= 061 - DMSO £ 061 - DMSO
5 - 0.1nM* 5 -= 0.05 yM
5 0.4+ —— 1 nM *** b 044 - 0.25 M **
@ —— 10 nM *** @ 1.25 uM
< 0.2 1 100 nM *** < 024 6.25 pM ***
0.0 T T T T 0.0 T T T T
0 2 4 6 0 2 4 6
Time (days) Time (days)

Figure 2.3. mTor inhibition suppresses BCC cell growth but not HH signaling. A) Glil
mRNA levels of ASZ001 cells treated with DMSO or varying concentrations of Rapamycin, OSI-
027, or Everolimus (n = 3 experiments). dR, delta reporter signal normalized to passive reference
dye. B-D) MTT assay of ASZ001 cells treated with B) Everolimus, C) Rapamycin, or D) OSI-027
(n = 3 experiments). Abs, absorbance. Error bars represent SEM. Significance was determined

by two-way ANOVA test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Figure 2.4. mTor inhibition promotes apoptosis and reduces cell proliferation. A)
Immunofluorescence staining of ASZ001 cells treated with DMSO or Everolimus and
immunostained for the indicated markers. Scale bar, 100 um. B) Quantification of cleaved Casp3
signal. n = 3 experiments. C) Quantification of Mki67 signal. n = 3 experiments. D) MTT assay
of ASZ001 (n = 4 experiments) or NIH3T3 (n = 3 experiments) cells treated with DMSO or
Everolimus. Error bars represent SEM. Significance was determined by unpaired two-tailed ¢test.

* p < 0.05; **, p < 0.01; ***, p < 0.001.
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mTor functions independently of aPKC to suppress murine BCC tumors

To explore whether mTor inhibition can be used as an effective BCC therapeutic, we grew
BCC tumors in Ptch1”" Gli1-Créf? mice for 5 weeks after tamoxifen injection and
intraperitoneally injected either DMSO or 3 mg/kg everolimus once a day for seven days. We used
everolimus despite a slight increase in G/iZ1 expression in ASZ001 mouse BCC cells because it is
FDA approved, has been shown to be effective in treating certain cancers and other diseases
(MacKaeigan et al., 2015; Klawitter et al., 2015; Yang et al., 2017; Viana et al., 2018), and
showed a therapeutic window where BCC cells were adversely affected compared to normal
NIH3T3 fibroblasts (Figure 2.4). Histological staining of the dorsal skin of everolimus-treated mice
showed a significant reduction in total tumor area compared to DMSO controls (Figure 2.5A-B).
Glil immunostains showed a downward trend in expression that is not significant (Figure 2.5C-
D, Figure 2.6), corresponding to the quantitative PCR data from mouse BCC cells and reinforcing
that mTor does not function upstream of the HH pathway.

To further delineate mTor’s mode of action, we assayed that status of aPKC, a Glil kinase
that is necessary for high sustained Glil activity (Atwood et al., 2013). mTor has been shown to
phosphorylate and activate aPKC at residue T560 in mouse embryonic fibroblasts (Lin & Gao,
2014), while aPKC phosphorylates and activates Glil at residue T304 (Atwood et al., 2013;
Drummond et al., 2018). We observe a slight increase in p-T304 Glil expression, along with an
increase in total aPKC immunostaining in everolimus-treated mouse BCC tumors and in
everolimus-treated mouse BCC cells (Figure 2.5C, E-F, Figure 2.6). However, p-T560 aPKC
immunostaining is reduced, along with a concomitant reduction in p-T410 aPKC, an activation
site that is thought to be phosphorylated by Pdpk1 (Tobias et al., 2015) (Figure 2.5C, G-H, Figure
2.6). Despite a significant reduction in the ratio of phosphorylated aPKC to total aPKC (Figure

2.51), total aPKC is elevated in everoliumus-treated tumors, which may limit the contribution of
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aPKC in this context. Overall, our data suggests that mTor is likely promoting tumor growth

independent of Glil and potentially through another aPKC target.
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Figure 2.5. mTor inhibition suppresses murine BCC growth and aPKC activity. A)
Hematoxylin and eosin staining of dorsal back skin collected from DMSO- or Everolimus-treated
Ptch1”™, Gli1- Cre™®™ mice. Scale bar, 50 pm. B) Quantification of total tumor size per square area
(n > 250 tumors from 5 mice). tx, treatment. C) Immunofluorescent staining of DMSO- or
Everolimus-treated Ptch1™"; Gli1-Cretf™? mice for the indicated markers. Scale bar, 25 pm. D-I)
Quantification of immunostains (n = 5 tumors from 3 mice) for D) Glil, E) phosphorylated T304
Gli1, F) aPKC, G) phosphorylated T410 aPKC, H) phosphorylated T560 aPKC, and I) the ratio of
phosphorylated aPKC over total aPKC protein. AU, arbitrary units. Error bars represent SEM.

Significance was determined by unpaired two-tailed £test. *, p < 0.05; **, p < 0.01; ***,p <
0.001.
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Figure 2.6. mTor inhibition suppresses aPKC activity. A) Larger immunofluorescent images
of DMSO- or Everolimus-treated Ptch1”" Gli1-Cre™?™? mice for the indicated markers. Scale bar,
100 um. B) Western blot and C) quantification of DMSO- or Everolimus-treated mouse BCC cells
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DISCUSSION

How mTOR functions in BCC and interacts with the HH pathway is unclear given reports
that it can operate upstream, downstream, or parallel to the pathway in various cancers. For
instance, in glioblastoma multiforme, mTOR inactivates GSK3b to prevent GLI2 ubiquitination,
thereby promoting GLI2 stability and nuclear translocation (Miati et al., 2017). This is likely not
the case in BCC as we show mTOR inhibition does not significantly alter GLI1 expression. Our

findings are more consistent with models where mTOR acts downstream of the HH pathway, such

as in Ptchl1*-/ SKH-1 BCCs where HH signaling promotes Sox9 expression to enhance mTor activity

and tumor growth (Kim et al., 2018). In fact, SOX9is significantly enriched in our bulk-level RNA
sequencing data of advanced BCC patients (Supplementary Table 1).

Our data and others (Kim et al., 2018) suggest that mTOR acts downstream of the HH
pathway to promote tumor growth, but mTOR’s mechanism of action is less clear. mTOR may
converge on Cyclin D1 (CCND1) to directly promote BCC cell growth, which is also a target of the
HH pathway (Oliver et al., 2003), as mTOR inhibition disrupts CCND1/CDK2 complexes (Law et
al., 2006). Another possibility is that mTOR affects BCC growth via AKT1, an mTOR target that
functions downstream of HH signaling in BCCs (Sarbassov et al., 2005; Kim et al., 2016). mTOR
phosphorylates AKT1 at S473 (Law et al., 2006), and ASZ001 mouse BCC cells treated with
intraconazole, a SMO inhibitor, reduces p-S473 AKT1 expression. Our data suggests mTOR
phosphorylates and activates aPKC in BCC, but does not alter GLI1 phosphorylation, suggesting
that another aPKC target may be responsible for continued tumor growth (Reina-Campos et al.,
2019).

Cancer is heterogeneous and BCCs are no exception (Bonilla et al., 2016; Atwood et al.,
2015; Sharpe et al., 2015). Our bioinformatics analysis and subsequent immunostaining suggests

not all tumors possess an mTOR profile, where a subset of tumors show strong upregulation while
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others display a more modest mTOR signature, reinforcing the wide range of mTOR expression
seen in BCC patients (Kim et al., 2018). This is not surprising as other signaling pathways are
known to regulate BCC in conjunction with HH signaling, such as the WNT (Yang et al., 2008),
NOTCH (Eberl et al., 2018; Shi et al., 2017), and Hippo pathways (Debaugnies et al., 2018), and
may make upregulation of the mTOR pathway dispensable in some tumors. As such, combination
therapy may be an important step going forward to therapeutically treat advanced BCC patients.
For SMO antagonist-resistant patients, assaying mTOR pathway expression levels may serve as
a biomarker for the efficacy of mTOR inhibitor therapy. Alternatively, mTOR inhibitors may be
used in conjunction with SMO antagonists as a way to prevent drug resistance, a phenomenon
seen in a HH-induced medulloblastoma mouse model where combination therapy with the SMO
antagonist LDE225 and PI3K inhibitor BKM120 delayed the development of drug resistance

(Buonamici et al., 2010).
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CHAPTER 3

PI3K promotes basal cell carcinoma
growth through kinase-induced p21
degradation
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SUMMARY

Basal cell carcinoma (BCC) is a locally invasive epithelial cancer that is primarily driven by
the Hedgehog (HH) pathway. Advanced BCCs is a critical subset of BCCs that frequently acquires
resistance to Smoothened (SMO) inhibitors and identifying pathways that bypass SMO could
provide alternative treatments for patients with advanced or metastatic BCC. Here, we use a
combination of RNA-sequencing analysis of advanced human BCC tumor-normal pairs and
immunostaining of human and mouse BCC samples to identify a PI3K pathway expression
signature in BCC. Pharmacological inhibition of PI3K activity in BCC cells significantly reduces cell
proliferation and HH signaling. However, treatment of Ptch1””, Gli1- Cre"*? mouse BCCs with the
PI3K inhibitor BKM120 results in a reduction of tumor cell growth with no significant effect on HH
signaling. Downstream PI3K components aPKC and AKT1 showed a reduction in active protein,
whereas their substrate, cyclin-dependent kinase inhibitor p21, showed a concomitant increase
in protein stability. Our results suggest that PI3K promotes BCC tumor growth by kinase-induced

p21 degradation without altering HH signaling.
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INTRODUCTION

The Hedgehog (HH) pathway is an evolutionarily conserved signaling pathway that plays
an essential role in vertebrate embryogenesis and adult tissue homeostasis (Armas-Lopez et al.,
2017). Aberrant activation of the HH pathway results in uncontrolled proliferation and
differentiation that leads to tumorigenesis in various tissues, with medulloblastoma (Taylor et al.,
2002; Raffel et al., 1997), rhabdomyosarcoma (Tostar et al., 2006), and basal cell carcinoma
(BCC) (Reifenberger et al., 2005) commonly displaying mutations in HH pathway components.
BCC is a locally invasive epithelial cancer that represents the most prevalent cancer in the United
States, with more than four million cases estimated each year (Nguyen et al., 2019). While most
cases of BCC are characterized by low mortality and metastasis that can be easily excised (Kauvar
et al., 2015), advanced BCCs display elevated invasiveness, metastasis, and mortality (Lear et al.,
2014). As the initiation and progression of BCCs predominantly depend on deregulation of the
canonical HH pathway via activation of the seven-pass transmembrane protein Smoothened
(SMO) (Pietrobono et al., 2019), such dependency has led to the development of vismodegib and
other SMO inhibitors for the treatment of locally advanced and metastatic BCCs (Von Hoff et al.,
2009). Yet, despite vismodegib demonstrating feasibility and efficacy in clinical trials against HH-
driven medulloblastoma (Gajjar et al., 2013; Robinson et al., 2015), it has failed to achieve
adequate success in treating advanced BCCs with 57% of patients displaying inherent resistance
to the treatment (Sekulic et al., 2012) and 21% of treated patients developing secondary
resistance after 56 weeks (Chang et al., 2012). Thus, it is vital to elucidate the mechanisms by
which resistant BCCs evade SMO inhibition, as well as develop alternative therapeutic strategies
that would effectively undermine such mechanisms.

In the normal vertebrate cell state, ion-driven cholesterol transporter Patched1l (PTCH1)

actively depletes cholesterol from the membrane of the primary cilium and thus inhibits the
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cholesterol-dependent activation of SMO (Zhang et al., 2018). This inhibition allows Suppressor
of Fused homolog (SUFU) to sequester the Glioma-associated oncogene (GLI) transcription
factors (Humke et al., 2010) and facilitate their post-translational proteolytic processing into
repressor forms (Wang et al., 2000). The canonical HH pathway signaling initiates with the
binding of HH ligands to PTCH1, which inhibits its activity and allows the activation of SMO via
cholesterylation (Xiao et al., 2017; Deshpande et al., 2019). Activated SMO in turn induces the
disassociation of the SUFU-GLI complex and facilitates the nuclear localization of the activator
forms of GLI (Tukachinsky et al., 2010), which results in the expression of HH target genes.
Uncontrolled activation of the HH pathway in BCC patients has been observed to occur primarily
through inactivating mutations in PTCH1 (73%) or activating mutations in SMO (20%) (Bonilla et
al., 2016). Yet, inspection of BCC patients with inherent and secondary resistance to vismodegib
has revealed that the majority of mutations are within the SMO gene and either incite constitutive
activity or deter inhibitor binding (Atwood et al., 2015). Current efforts to circumvent BCC
chemoresistance are focused on perturbing the oncogenic activity of GLI, either through directly
inhibiting the GLI proteins or inhibiting the molecules that modulate GLI activity (Peer et al.,
2019). Recent studies have demonstrated the potency of inhibiting GLI (Kim et al., 2013), DYRK1B
(Gruber et al., 2016), HDAC1 (Gruber et al., 2018), BRD4 (Tang et al., 2014), MLK1 (Whitson et
al., 2018), and aPKC (Atwood et al., 2013) in attenuating resistant BCCs in preclinical studies.
Recently, various studies have highlighted the critical interconnections between the HH
pathway and other signaling pathways in promoting the persistence and chemoresistance of
cancer. In BCC, progression and therapeutic resistance have been linked with molecular crosstalk
between the HH pathway and other developmental signaling pathways such as WNT (Yang et al.,
2008), Notch (Eberl et al., 2018), TGF-b (Yao et al., 2020), and RAS/MAPK (Zhao et al., 2015)

pathways. The phosphoinositide 3-kinase (PI3K) pathway is another developmental signaling
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pathway that has been demonstrated to interact with the HH pathway in colon (Cai et al., 2015),
pancreatic, and ovarian carcinomas (Singh et al., 2017). In addition, the PI3K pathway functions
in therapeutic resistance against SMO inhibitors in medulloblastoma (Buonamici et al., 2010) and
esophageal adenocarcinoma (Wang et al., 2012). Combinatory inhibition of both PI3K and HH
signaling pathways in preclinical studies on medulloblastoma have demonstrated favorable
efficacy in attenuating SMO inhibitor-resistant tumors (Buonamici et al., 2010).

The canonical PI3K pathway initiates with the activation of PI3K by receptor tyrosine
kinases, which subsequently activates AKT via phosphorylation facilitated by phosphoinositides
(Vanhaesebroeck et al., 2010). Activated AKT in turn phosphorylates and regulates the activities
of a wide array of signaling proteins that are associated with proliferation and differentiation of
the cell (Engelman et al., 2006). The PI3K/AKT pathway has been shown to interact with the HH
pathway through multiple mechanisms that are largely independent of canonical HH signaling,
with components of the PI3K/AKT pathway coinciding primarily upstream of GLI (Brechbiel et al.,
2014). In embryonic fibroblasts, upregulation of the PI3K/AKT pathway signaling promotes HH
signaling by antagonizing the inhibitory function of PKA on GLI2 (Riobé et al., 2006). Additionally,
upregulation of the PI3K/AKT pathway signaling has been shown to promote HH signaling and
tumor cell proliferation in esophageal (Wei et al., 2011) and breast cancers (Ramaswamy et al.,
2012). However, the PI3K/AKT pathway has been shown to promote tumor cell growth with no
effect on GLI1 activity in neuroblastomas (Diao et al., 2014), suggesting that PI3K/AKT either
operates in parallel to or downstream of the HH pathway in this context. Thus, variation in how
PI3K/AKT operates with respect to HH signaling confounds our ability to generally apply its
function across distinct cancers.

Here, we demonstrate that the PI3K pathway signaling is upregulated in bulk-level RNA-

sequencing data of 14 matched tumor-normal pairs. Human and mouse BCC tumors show a
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significant increase in PI3K protein expression, and PI3K is essential for both BCC tumor cell
growth and HH signaling. However, our data shows disparate results between BCC cells and /in
vivo tumors, where PI3K inhibition has no effect on GLI1 activity despite suppressing tumor
growth. Finally, we show that PI3K likely functions in BCC tumors by promoting aPKC- and AKT1-
depedent degradation of cyclin-dependent kinase inhibitor p21 to maintain cell cycle progression.
Our results suggest that the PI3K pathway functions in parallel to or downstream of the HH

pathway to promote BCC tumor growth.

RESULTS

PI3K/AKT pathway is upregulated in advanced BCC tumors

To assess alternative pathways that may drive BCC tumor growth, we reanalyzed our bulk-
level RNA-sequencing (RNA-seq) data of 14 matched tumor-normal pairs of advanced and SMO
inhibitor-resistant BCC samples (Chow et al., 2021; Atwood et al., 2015). Differential gene
expression analysis across the 14 tumor-normal pairs identified 1602 genes that were upregulated
by two-fold or more in the resistant BCC tumors compared to their normal skin counterparts
(Chow et al., 2020). Database analysis of the upregulated genes with the Kyoto Encyclopedia of
Genes and Genomes (KEGG) showed the expected upregulation of the cell cycle, HH pathway,
and BCC-associated genes (Figure 3.1A). Another term that was significantly enriched was the
PI3K/AKT pathway (Figure 3.1A). Analogously, Kinase Enrichment Analysis (KEA) (Lachmann et
al., 2009) linked many of the upregulated genes with kinases that are closely associated with
PI3K/AKT signaling, such as MAPK, AKT, GSK3b, CSNK, S6K, and PRKCB (Figure 3.1B). Close
analysis of the PI3K pathway gene expression showed many components and downstream targets

significantly upregulated in most tumors, including GRB2, PLCG1, and RPS6KA1 (Figure 3.1C).
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Figure 3.1. PI3K/AKT pathway is upregulated in advanced BCC tumors. A) KEGG
analysis of the upregulated genes in advance BCC tumors highlighting the significant indicated
terms. B) Kinase Enrichment Analysis of differentially expressed genes showing significant kinases
as indicated. C) Heat map of the differentially expressed PI3K pathway genes in advanced human

BCCs compared to patient-matched normal skin. X mark, absence of data.
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PIK3CA is upregulated in human and mouse BCC tumors

To validate whether PI3K pathway upregulation in BCC tumors is consistent at the protein
level, we measured the expression of the catalytic subunit PIK3CA in human nodular BCC tumors
and normal epidermis using immunofluorescence staining. We observed that tumors displayed
significantly enhanced expression of PIK3CA compared to normal epidermis (Figure 3.2A-B). To
analyze Pik3ca expression in mice, we utilized a Ptch1””; Gli1-Cre™®™? mouse model in which BCC
tumors arise from the hair follicle and the secondary hair germ (Peterson et al., 2015). BCC
tumors were grown for five weeks post-Cre induction and formed predominantly from the hair
follicle regions. Similar to our observations in human BCC tumors, we also observed a significant
increase in Pik3ca expression in mouse BCC tumors compared to both normal epithelium and the
hair follicle (Figure 3.2C-D). Together, these results suggest that PI3K pathway activity is

upregulated in human and mouse BCC tumors.
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Figure 3.2. PIK3CA is upregulated in human and mouse BCC tumors. A)
Immunofluorescence staining of PI3KCA (red) and DAPI counterstain (blue) in human normal
epidermis and nodular BCC tumors. Scale bar, 50 mm. B) Quantification of PI3KCA
immunofluorescence intensity (five points of measurement per sample, n=4 samples). AU,
arbitrary unit. Error bar, SEM. C) Immunofluorescence staining of Pi3kca (red) and DAPI
counterstain (blue) in mouse normal epithelium, normal hair follicle, and BCC tumors. Scale bar,
25 mm. D) Quantification of Pi3kca immunofluorescence intensity (five points of measurement
per animal, n=5 mice). AU, arbitrary unit. Error bars, SEM. Significance was determined by

unpaired two-tailed ftest. *, p < 0.05; ***, p < 0.001.
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Inhibition of PI3K suppresses growth and HH signaling in BCC cells /in vitro

To assess whether upregulation of the PI3K pathway signaling affects growth and HH
signaling in BCCs, we assayed ASZ001 mouse BCC cells with two PI3K inhibitors, BKM120 and
LY294002. BKM120 acts as an allosteric inhibitor of PI3K (Burger et al., 2011) while LY294002
acts as an ATP-competitive inhibitor (Walker et al., 2000). Treatment of ASZ001 cells with BKM120
and LY294002 both significantly decreased HH signaling as assayed by G/iZ mRNA expression
(Figure 3.3A). Additionally, treatment of ASZ001 cells with BKM120 and LY294002 both resulted
in complementary and dose-dependent reduction of tumor cell growth over time (Figure 3.3B-C).
A significant increase in Casp3-mediated apoptosis was also observed upon BKM120 inhibition,
with the proliferation marker Mki67 trending downward (Figure 3.3D-F). Together, these results

show that the PI3K pathway promotes BCC cell growth upstream of the HH pathway.
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Figure 3.3. Inhibition of PI3K suppresses BCC cell growth and HH signaling. A) G/i1
mMRNA expression in ASZ001 cells treated with DMSO or varying concentrations of BKM120 or
LY294002 (n = 3 experiments). dR, delta reporter gene normalized to passive reference dye.
Error bar, SEM. Significance was determined by one-way ANOVA test. ***P<0.001. B-C) MTT
assay of ASZ001 cells treated with DMSO or varying concentrations of B) BKM120 or C) LY294002
(n = 3 experiments). Abs, absorbance. Error bar, SEM. Significance was determined by two-way
ANOVA test. *, p < 0.05; **, p < 0.01; *** p < 0.001. D) Immunofluorescence staining of the
indicated markers in ASZ001 cells treated with DMSO or BKM120. Scale bar, 200 pm. E)
Quantification of cleaved Casp3 signal (n = 4 experiments). F) Quantification of Mki67 signal (n
= 4 experiments). Error bars, SEM. Significance was determined by unpaired two-tailed ¢ test.

*** p < 0.001.



Inhibition of PI3K suppresses growth but not HH signaling in BCC tumors /in vivo

To evaluate whether inhibition of PI3K can serve as an effective therapeutic strategy in
attenuating BCC tumors, we generated BCC tumors in the Ptch1””; Gli1-Cre™®™? mouse model and
intraperitoneally injected either DMSO or 10 mg/kg of BKM120 daily for seven days. Histological
staining of the dorsal skin of BKM120-treated mice showed a significant reduction in total tumor
size compared to DMSO controls (Figure 3.4A-B). Interestingly, Glil protein expression was not
altered in BKM120-treated mice (Figure 3.4C-D), suggesting that the PI3K operates downstream
or in parallel to the HH pathway /in vivo, a result that is similar to mTOR inhibition (Chow et al.,
2021). The discrepancy between our /n vitro and in vivo results may indicate that the tumor
microenvironment alters how the PI3K pathway functions in relation to the HH pathway.

To further define how the PI3K pathway functions /n vivo, we assayed that status of aPKC,
a Gli1 kinase that is necessary for high sustained Glil activity (Atwood et al., 2013). Atypical PKCs
are activated downstream of PI3K by PDK1-dependent phosphorylation at T410 in a variety of
cell types (Chou et al., 1998; Le Good et al., 1998). While we observed a slight increase in total
aPKC immunostaining in BKM120-treated mouse BCC tumors, phosphorylation at T410 was
significantly reduced (Figure 3.4C-D), indicating suppressed kinase activity. Although aPKC
phosphorylates and activates Glil at residue T304 (Atwood et al., 2013), we observed no change
in p-T304 Glil expression (Figure 3.4C-D), reinforcing the possibility of PI3K’s role outside of HH
signaling and suggesting that aPKC likely exerts its effects on another substrate. Aktl is also
activated downstream of PI3K by PDK1-dependent phosphorylation at T308 (Alessi et al., 1997),
and we found a significant reduction in both total and p-T308 Aktl expression in BKM120-treated
mouse BCC tumors (Figure 3.4E-F). As both aPKC and Aktl facilitate the degradation of cyclin-
dependent kinase inhibitor p21 by phosphorylating T145 (Réssig et al., 2001; Zhou et al., 2001;

Scott et al., 2002), we assayed p21 protein expression and found a substantial increase in p21
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stability and a corresponding decrease in p21 phosphorylation (Figure 3.4E-F). Altogether, our
data suggests PI3K likely facilitates BCC tumor growth by promoting cell cycle progression

through aPKC- and Aktl-mediated p21 degradation.
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Figure 3.4. PI3K inhibition suppresses murine BCC growth and stabilizes p21. A)
Hematoxylin and eosin staining of dorsal back skin collected from Ptch””; Gli1-CrefR™? mice treated
with DMSO or BKM120. Tx, treatment. Scale bar, 50 mm. B) Quantification of total tumor size
per square area (n>250 tumors from 5 mice). Tx, treatment. C) Immunofluorescence staining of
indicated markers (red) and DAPI counterstain (blue) in Ptch1”";, Gli1-Cre"?™? tumors treated with
DMSO or BKM120. Scale bar, 25 mm. D) Quantification of immunofluorescence intensity of
indicated markers (five points of measurement per animal, n=3 mice). AU, arbitrary unit. E)
Immunofluorescence staining of indicated markers (red) and DAPI counterstain (blue) in Ptch1””,
Gli1-Cre®R™? tumors treated with DMSO or BKM120. Scale bar, 25 mm. F) Quantification of
immunofluorescence intensity of indicated markers (five points of measurement per animal, n=3
mice). Error bars, SEM. Significance was determined by unpaired two-tailed £test. *, p < 0.05;

6% p < 0.001.
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DISCUSSION

PI3K appears to operate at distinct levels within the HH pathway depending on context.
For instance, upregulation of the PI3K/AKT pathway promotes HH signaling in embryonic
fibroblasts (Riobd et al., 2006), esophageal cancer (Wei et al., 2011), and breast cancer
(Ramaswamy et al., 2012). Alternatively, the PI3K/AKT pathway promotes tumor cell growth
independent of GLI1 activity in neuroblastomas (Diao et al., 2014), suggesting that PI3K/AKT
either operates in parallel to or downstream of the HH pathway in this context. Our results show
HH signaling is dependent on PI3K signaling in BCC cells grown in culture, but not in BCC tumors.
This discrepancy between cell culture and three-dimensional (3D) growth conditions is a relatively
common phenomenon and has been shown for the AKT-mTOR pathway, where inhibition of AKT
resulted in elevated ERK signaling in cell culture but reduced signaling in 3D culture (Riedl et al.,
2017). PI3K likely operates downstream or in parallel to the HH pathway in BCC, similar to our
results for mTOR in Ptch1””; Gli1-Creé®f? BCCs (Chow et al., 2021) and consistent with models
where mTOR acts downstream of the HH pathway in Ptchi1?/~/SKH-1 BCCs (Kim et al., 2018).

p21 is a potent universal cyclin-dependent kinase inhibitor that is activated downstream
of p53 upon DNA damage or other cellular stresses and promotes G1 cell cycle arrest, which can
lead to senescence or apoptosis (Georgakilas et al., 2017). When p53 is present, p21 and p53
can act together to help correct DNA damage and preserve genome stability. However, when p53
is disrupted, p21 can promote genomic instability and escape from senescence (Galanos et al.,
2016). p21 degradation is facilitated by aPKC- and AKT1-dependent phosphorylation at T145
(Rossig et al., 2001; Zhou et al., 2001; Scott et al., 2002). As aPKC and AKT1 are both
overexpressed in BCC and are required for tumor growth (Atwood et al., 2013; Kim et al., 2016),
our results suggest that BCCs activate both kinases downstream of PI3K to promote cell cycle

progression and continued tumor growth. PI3K inhibition significantly suppresses aPKC and Aktl
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activity, likely leading to enhanced p21 stability, suppression of proliferation, and enhanced
apoptosis.

Targeting the PI3K pathway in the clinic may be a viable option for BCC patients. In
addition to the present study showing BKM120 efficacy on Ptch1”?; Gli1-CreFR"? BCCs, inhibition
of the PI3K/AKT/mTOR pathway has been shown to suppress irradiated Ptchi?/; Krt147e+2;
p5377BCCs with XL765, but not XL147 or GDC-0941 (So et al., 2014). In addition, suppressing
mTOR activity using everolimus can suppress Ptch1””; Gli1-Cre®f™? BCCs through an aPKC-
dependent process (Chow et al., 2021) and has been used in the clinic for compassionate
treatment of BCCs in elderly patients who refused surgery and did not respond to alternative
treatments (Eibenschutz et al., 2013). Combination therapy may also be crucial to treat advanced
BCC patients. For instance, PI3K/mTOR inhibition can delay therapeutic resistance against SMO
inhibitors in mouse models of cancer, including BKM120 treatment in HH-mediated
medulloblastoma (Buonamici et al., 2010) or treatment with the mTOR inhibitor everolimus in
esophageal adenocarcinoma (Wang et al., 2012). In addition, SMO inhibitor-resistant mouse
medulloblastoma are still sensitive to PI3K inhibition (Dijkgraaf et al., 2011). And combination
therapy with the GLI inhibitor GANT61 and PI3K/mTOR inhibitor PI103 synergistically inhibited
tumors in a HH-driven rhabdomyosarcoma mouse model (Graab et al., 2015). Altogether, PI3K
pathway-targeted therapies, solely or in combination with HH pathway inhibitors, may broaden

our repository for treating advanced and SMO inhibitor-resistant BCCs.
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CHAPTER 4

Src promotes basal cell carcinoma growth
via phosphorylation and activation of
atypical PKC
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SUMMARY

Basal cell carcinomas (BCCs) are very prominent epithelial cancers driven by the Hedgehog
(HH) signaling pathway. Advanced BCCs are known to possess inherent resistance to Smoothened
(SMO) inhibitors. Therefore, it is important to identify and target alternative drivers of BCC that
can bypass SMO in order to provide novel therapies for patients with advanced or metastatic
BCCs. Here, we show with immunostaining that Src and p-Src are elevated in a Ptchl»; Glil-Cre+-
mouse BCC tumor model, which suggests that active Src may play a role in BCC tumorigenesis.
Pharmacological inhibition of Src activity in BCC cells significantly reduces both HH signaling and
tumor cell proliferation. Additionally, overexpression of Src alone dramatically increases G/l
expression whereas kinase-dead Src K299M completely abrogates this expression. Similarly,
treatment of BCC mice with KXO01 results in reduced tumor growth and HH signaling as well.
aPKC, which is known to directly phosphorylate and activate GLI1, displays reduced activity upon
Src inhibition, which subsequently results in reduced HH signaling. Upon mutating known Src
phosphosites on aPKC, we observe that HH signaling is affected as well. This suggests that Src

promotes BCC growth via aPKC activation.
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INTRODUCTION

Basal cell carcinoma (BCC) is a very common form of epithelial cancer which arises from
the basal layer of the epidermis and is driven predominantly by overstimulation of the Hedgehog
(HH) signaling pathway (Atwood et al., 2015; Sekulic and Hoff, 2016). In a normal cell state,
cholesterol transporter Patched1 (PTCH1) is active and suppresses the activity of transmembrane
receptor Smoothened (SMO). This then allows Suppressor of Fused (SUFU) to sequester and
inhibit Glioma-associated oncogene (GLI) in the cytoplasm. However, in the presence of a HH
ligand, PTCH1 is inhibited, allowing for SMO to become activated. This subsequently leads to the
dissociation of SUFU-GLI (Tukachinsky et al., 2010), resulting in the activation of GLI transcription
factors to enter into the nucleus to activate target genes involved in proliferation, migration and
invasion (Varjosalo et al., 2008). In cases of BCC, most patients possess inactivating mutations
in PTCH1 (~73%), activating mutations in SMO (20%), or loss-of-function mutations in SUFU
(~8%) (Bonilla et al., 2016).

As a majority of the driving mutations are upstream in the HH pathway, SMO inhibitors,
such as vismodegib, have been a popular form of treatment to combat most forms of BCCs,
including advanced and metastatic (Atwood et al., 2012). However, nearly 60% of advanced BCCs
possess an inherent resistance to vismodegib treatment and roughly 20% of tumors that initially
respond to treatment acquire drug resistance each year (Chang and Oro, 2012). This illuminates
how critical it is to identify alternative therapeutics that are either downstream of SMO or
contribute to non-canonical activation of the HH pathway.

Src is a proto-oncogene that is overexpressed and highly activated in a variety of cancers.
It is a non-receptor tyrosine kinase that interacts with a number of receptor tyrosine kinases
known to contribute to events such as angiogenesis, invasion, migration, proliferation, apoptosis,

and differentiation, all of which are characteristic of the development of metastasis (Irby &
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Yeatman, 2000). Such factors include: vascular endothelial growth factor (VEGF) (Brown &
Cooper, 1996), epidermal growth factor receptor (EGFR) (Tice et al, 1999; Luttrell et al., 1994;
Mao et al., 1997), fibroblast growth factor receptor (FGFR) (LaVallee et al., 1998), platelet-derived
growth factor receptor (PFGFR) (Courtneidge et al., 1993), colony stimulating factor-1 receptor
(CSF-1R) (Courtneidge et al., 1993; Levitzki 1996), and human epidermal growth factor receptor
2 (HER2)/neu (Rahimi et al., 1998). In HER2-positive breast cancer cells, Src was demonstrated
to coordinate with HER2 to induce PI3K-mediated progression of disease (Nagata et al., 2014).
In non-small cell lung cancer cells, inhibition of EGFR resulted in decreased activity of Src and its
downstream target STAT3 (Kloth et al., 2003). In colon cancer, Src expression and activity has
been associated with advancement and malignancy of disease (Talamonti et al., 1991).
Additionally, a clinical study was conducted in order to evaluate the expression of Src in human
epithelial cancers. What they revealed was that Src is overexpressed in malignant melanomas,
squamous cell carcinomas, and BCCs (Lee et al., 2010). Although we have evidence of Src being
overexpressed in BCCs, we do not yet know the role that it plays in BCC tumorigenesis or HH
signaling.

Here, we utilize a Ptchl»;, Glil-Cre=» mouse BCC tumor model to confirm Src
overexpression and to help elucidate Src’s contribution to BCC growth. We demonstrate that
inhibition of Src activity /in vitro and in vivo results in an increase in both HH activity and BCC cell
growth. Our results also propose that Src drives BCC progression in a non-canonical manner via
activation of aPKC, and thus Glil. This suggests that inhibiting Src may serve as a promising

therapeutic in targeting HH-driven BCC growth.
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RESULTS

Src and p-Src are upregulated in mouse BCCs

Since Src has already been shown to be overexpressed in human BCCs (Lee et al., 2010),
we wanted to confirm that the same phenomenon occurs in mouse BCCs. To analyze Src
expression in mice, we utilized a Ptchin;, Glil-Cre» mouse model in which BCC tumors
predominantly arise from GliI-positive regions within the hair follicle bulge and secondary hair
germ (Peterson et al., 2015). Mice were treated with tamoxifen to induce BCC tumorigensis and
the tumors were allowed to grow for five weeks, where they formed mainly in the hair follicle
region. Src immunostaining illustrated a significant increase in expression in the BCC tumors
compared to normal epithelium and the hair follicles (Figure 4.1A-B). Additionally, to assess Src
activity in these BCC's, we immunostained for p-Src, a common marker used to determine
activation (Kim et al., 2017). Similar to Src expression, p-Src expression is also elevated in the
tumors compared to normal epithelium and hair follicle (Figure 4.1A, C). Together, these data

suggest that Src activity is elevated in mouse BCCs.
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Figure 4.1. Src and p-Src are overexpressed in mouse BCC. A) Immunofluorescent
staining of indicated markers in normal epidermis, normal hair follicle, or BCC derived from
Ptchl»; GliI-Cre== mice. Scale bar, 50 um. B and C) Quantification of Src and p-Src immunostains
(n = 5 different points of measurement from 5 mice). Error bars represent SEM. Significance was

determined by unpaired two-tailed ftest. *, p < 0.05; ***, p < 0.001.
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Src inhibition suppresses HH signaling and BCC cell growth in vitro

We next wanted to determine if Src inhibition suppresses HH signaling and tumor cell
growth. A BCC cell line, ASZ001, was treated with three different Src inhibitors: dasatinib,
saracatinib, and KXO01. Dasatinib and saracatinib are both ATP-competitive inhibitors
(Schittenhelm et al., 2006; Nam et al., 2013) whereas KX01 targets the peptide substrate site of
Src (Anbalagan et al., 2012). Treatment with dasatinib and saracatinib resulted in either no
change or a slight increase in HH signaling as assayed by G/iZ mRNA expression, whereas KX01
treatment resulted in a dose-dependent decrease in HH signaling (Figure 4.2A). As dasatinib and
saracatinib are promiscuous and can bind to other Src family members (Schittenhelm et al., 2006;
Nam et al., 2013), the results seen in Figure 4.2A may be a consequence of off-target effects.
Therefore, we decided to proceed with only KX01 since it has been shown to be highly specific to
Src (Anbalagan et al., 2012). Next, we assayed BCC cell growth in the presence of KX01 and saw
that BCC cell growth is also reduced in a dose-dependent manner (Figure 4.2B). Additionally, cell
growth in NIH-3T3 cells was not stunted upon KX01 treatment (Figure 4.2C), suggesting that
KX01 is capable of specifically targeting BCC cells without affecting surrounding normal cells. We
also observed a decrease in Mki67 and a dramatic increase in cleaved Casp3 immunostaining in
BCC cells treated with KX01 (Figure 4.2D), suggesting that a decrease and proliferation an
increase in apoptosis is attributing to the total decrease in BCC cells growth upon Src inhibition.
Next, to affirm that Src activity is necessary for HH signaling and, therefore, BCC growth, we
overexpressed wild-type and kinase-dead (K299M) Src and saw a dramatic increase in Gli1
expression with wild-type Src overexpression and a complete inhibition of HH signaling with Src
K299M (Figure 4.2E). Together, these results demonstrate that Src activity is necessary and

promotes BCC cell growth upstream of the HH pathway.
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Figure 4.2. Src inhibition suppresses HH signaling and BCC cell growth. A) Glil mRNA
levels of ASZ001 cells treated with DMSO or varying concentrations of Dasatinib, Saracatinib, or
KX01 (n = 3 experiments). dR, delta reporter signal normalized to passive reference dye.
Significance was determined by one-way ANOVA test. B and C) MTT assay of B) ASZ001 and C)
NIH3T3 cells treated with KX01. Abs, absorbance. Significance was determined by two-way
ANOVA test. D) Immunofluorescence staining and quantification of Mki67 (n = 4 experiments)
and cleaved Casp3 (n = 3 experiments) signal in ASZ001 cells treated with DMSO or KX01. E)
Glil mRNA levels of ASZ001 overexpressing mApple (control), Src, or Src K299M (n = 4
experiments). Significance was determined by unpaired two-tailed ¢test. Error bars, SEM. *, p <

0.05; *** p < 0.001.
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Src inhibition suppresses BCC growth and HH signaling /in vivo

To evaluate whether Src inhibition could be used as an efficacious therapeutic strategy,
we initiated BCC tumor growth in Ptchl»; Glil-Cre== mice for 5 weeks and, subsequently,
intraperitoneally injected with either DMSO or 5mg/kg KX01 for seven consecutive days.
Histological staining of the dorsal skin of KX01-treated mice showed a significant reduction in
total tumor size compared to DMSO controls (Figure 4.3A- B). Additionally, Glil protein levels
were also dramatically reduced as indicated by immunostaining (Figure 4.3C-D). These data are
in support of our /n vitro data (Figure 4.2) which suggests that Src is likely acting upstream of HH
signaling to encourage BCC growth.

To verify the effectiveness of KX01 /n vivo, we immunostained for p-Src and p-Fak to
confirm that Src activity is indeed being suppressed upon KX01 treatment. pT416-Src represents
an active form of Src (Kim et al., 2017) whereas pT861-Fak is used as a readout of Src activity
(Schweppe et al., 2009). As expected, our quantification indicates that both p-Src and p-Fak are
significantly downregulated upon KX01 treatment (Figure 4.3C-D), affirming that KX01 is specific

and can be effective in treating BCCs.
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Figure 4.3. Inhibition of Src suppresses murine BCC growth. A) Hematoxylin and eosin
staining of dorsal back skin collected from DMSO- or KX01-treated Ptchi»; Glil-Cre== mice. Scale
bar, 50 um. B) Quantification of total tumor size per square area (n > 250 tumors from 5 mice).
C) Immunofluorescence staining of indicated markers (red) and DAPI counterstain (blue) in
Ptch1; GIi1-Cre== tumors treated with DMSO or KX01. Scale bar, 25 mm. D) Quantification of
immunofluorescence intensity of indicated markers (five points of measurement per animal, n=3
mice). AU, arbitrary unit. Error bars, SEM. Significance was determined by unpaired two-tailed ¢

test. *, p < 0.05; ***, p < 0.001.
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Src phosphorylates and activates aPKC to upregulate HH signaling

To further understand the mechanism of how Src is regulating HH signaling, we assayed
the status of aPKC, which is known to directly phosphorylate and activate Glil at residue T304 to
perpetuate HH activity (Atwood et al., 2013). Immunostaining of p-T410, p-T560 aPKC, and total
aPKC, which have commonly been used as readouts for aPKC activity (Tobias et al., 2015; Lin &
Gao, 2014), indicates a decrease in aPKC activation upon KX01 treatment (Figure 4.4A-B).
Furthermore, we also see a dramatic reduction in p-T304 Gli1 (Figure 4.4A-B), suggesting that
Src works through aPKC to activate Glil. To validate this, we expressed either WT aPKC kinase
domain (KiDo), aPKC Y265F KiDo, aPKC Y280F KiDo, or aPKC Y334F KiDo in ASZ001 cells. The
Y265, Y280, and Y334 residues of aPKC have been previously shown to be directly
phosphorylatable by Src (Wooten et al., 2001); therefore, we introduced non-phosphorylatable
mutants to determine if aPKC phosphorylation by Src is necessary for HH signaling. Quantitative
PCR analysis of Glil expression indicates that aPKC Y265F KiDo significantly reduces Glil
expression compared to wild-type. This proposes that phosphorylation of the Y265 residue of
aPKC is important for HH activity, and thus, BCC growth. Altogether, our data suggests that Src
phosphorylates and activates aPKC in order to encourage enhanced HH signaling and tumor

growth.
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Figure 4.4. Src inhibition suppresses aPKC activity and HH signaling.
A) Immunofluorescence staining of indicated markers (red) and DAPI counterstain (blue) in
Ptch1; GIi1-Cre== tumors treated with DMSO or KX01. Scale bar, 25 mm. B) Quantification of
immunofluorescence intensity of indicated markers (five points of measurement per animal, n=3
mice). AU, arbitrary unit. C) Glil mRNA levels of ASZ001 cells overexpressing mApple, aPKC KiDo,
aPKC Y265F KiDo, aPKC Y280F KiDo, or aPKC Y334F KiDo (n = 4 experiments). Significance was

determined by unpaired two-tailed ¢test. Error bars, SEM. *, p < 0.05; ***, p < 0.001.
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DISCUSSION

Whether Src positively or negatively regulates HH signaling is a matter that is up for
debate. Our data shows that HH signaling is reduced upon Src inhibition /n vitro and in vivo
(Figure 4.2A and 4.3C-D) and is upregulated when Src is overexpressed (Figure 4.2E). This
supports the notion that Src positively regulates HH signaling. However, work by Bershteyn et al.
would claim otherwise. It has already been well-accepted that the primary cilium is a necessary
organelle for transducing HH signaling (Huangfu & Anderson, 2005) and Bershteyn et al. (2010)
demonstrates that Missing-in-Metastasis (MIM) is necessary for ciliogenesis in dermal papilla cells.
When MIM is knocked down, Src activity is upregulated, resulting in hyperphosphorylation of
Cortactin and ultimately, cilia disassembly. Therefore, they propose a mechanism in which Src
inhibits ciliogenesis and, thus, HH signaling downstream of MIM. As with most biological systems,
whether Src upregulates or downregulates HH is probably context dependent.

Very little is known about the relationship between Src and HH signaling other than what
was above mentioned. Therefore, to get a glimpse into other possible relationships, we can turn
to a few studies on SFKs and the HH pathway. In spermatogonial stem cells (SSCs), HH signaling
promotes the expression of glial cell-derived neurotrophic factor (GDNF) (Inaba et al., 2016),
which then can activate SFKs and AKT to promote SSC self-renewal and survival (Oatley &
Brinster, 2012). In a neuronal model, HH stimulates the activity of SFK members non-canonically
in order to mediate axon guidance. They show that SFKs are required for HH-mediated axon
guidance but not for Gli transcriptional activity (Yam et al., 2009). Another group showed that
the SFK Hck phosphorylates several tyrosine residues of Glil, relieving Glil’s inhibition by Sufu
and leading to its transactivation. They also demonstrate that Hck happens to be a direct Glil
target in HH-responsive NIH3T3 cells and cerebellum granular neuron precursor (CGNP) cells,

resulting in a Glil/Hck positive feedback loop to perpetuate HH signaling. Our data most closely
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resembles that of the latter study. Although we do not currently know if Src can directly
phosphorylate Glil, our data suggests that Src may phosphorylate and activate aPKC, which has
been previously shown to directly phosphorylate and activate Glil (Atwood at al., 2013). And
similar to Hck in the previously mentioned study, aPKCis a direct target of Gli1, thereby forming
a Gli1/aPKC positive feedback loop.

As vismodegib treatment has already been proven to be an effective therapeutic for BCCs
(Atwood et al., 2012), it may be advantageous to start treating BCCs with a combined treatment
of vismodegib and KX01. This would target both canonical and non-canonical HH pathway
activation, increasing the likelihood of fully eradicating BCC tumor cells. Furthermore, it would be
interesting to also examine the effects of Src inhibition on vismodegib-resistant BCCs. Studies on
ovarian and lung cancers have demonstrated that Src inhibition can actually restore drug
sensitivity to resistant tumors, suggesting that Src may play a crucial role in the development of
resistance (Pengetnze et al, 2003; Zhang et al., 2014). Additionally, since resistant BCC tumors
have developed ways to evade the effects of SMO inhibition, targeting HH signaling via
noncanonical means may be a viable route. However, for both drug-sensitive and resistant
tumors, there is a possibility that vismodegib treatment and/or Src inhibition may not be sufficient
in completely eliminating BCC cells. This may be the case for subpopulations of BCCs in which
alternative pathways may be supporting BCC growth independently of HH signaling. Such
instances may occur in tumors where either mTOR or PI3K are drivers of a particular BCC
subpopulation (Chow et al., 2021; Chow et al, unpublished). In these cases, mTOR and PI3K are
able to encourage BCC growth without upregulating HH signaling. All in all, Src has been shown
to be a promising target in combating BCCs, but more work needs to be done to identify all drivers

of BCC carcinogenesis and progression in order to successfully extinguish all forms of BCCs.
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Chapter 5

Conclusions
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HH- independent BCC growth and progression

For as long as BCCs have been studied, the HH pathway was thought to be the sole driver
of BCC growth and progression. However, our research, in conjunction with other recent studies,
suggest that alternative pathways can promote BCC growth in parallel and independently of HH
signaling. When RNA-sequencing was performed on a large collection of BCC tumors, Hippo/ YAP
pathway genes were found significantly upregulated in BCCs (Bonilla et al., 2016). Additionally,
Maglic et al. (2018) demonstrated that the Hippo pathway regulator, YAP, is required for BCC
development and tumor growth. When YAP is depleted in BCC tumors, the JAK- JUN pathway, a
well-established tumor-driving cascade, is impaired. However, manipulation of YAP does not
affect canonical Wnt or HH signaling. This suggests that Hippo signaling is a HH-independent
promoter of BCC tumorigenesis, possibly functioning in parallel with the HH pathway to
perpetuate BCC growth.

Our findings in both Chapters 2 and 3 also support parallel, or possibly downstream,
athways that function in conjunction with HH signaling in BCCs. In Chapter 2, we demonstrate
that mTOR is overexpressed in both human and mouse BCCs and that its inhibition results in a
decrease in BCC cell growth /in vitro and /n vivo without affecting HH signaling. This implies that
mTOR functions either downstream of or in parallel with the HH pathway. Additionally, we show
that mTOR inhibition suppresses aPKC activation, and although aPKC is known to directly
phosphorylate and activate GLI1, we don't observe any reduction of GLI1 phosphorylation upon
mTOR inhibition. These data suggest that mTOR is regulating BCC growth via aPKC independently
of HH signaling. Moreover, aPKC is a well-established oncogene, affecting a plethora of other
pathways which influence invasion, tumor growth, and survival (Fields & Regala, 2009), so
additional work is needed to determine which downstream targets of aPKC are being affected in

an mTOR-dependent manner. In Chapter 3, we also demonstrate that PI3K is overexpressed in
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both human and mouse BCCs and that PI3K inhibition suppresses BCC growth without affecting
HH signaling /in vivo. This, too, suggests that PI3K likely operates either downstream of or in
parallel with the HH pathway. We show that PI3K inhibition results in a decrease in aPKC and
AKT phosphorylation, both targets of PI3K, and that they possibly converge onto p21. Therefore,

our data suggests that PI3K promotes BCC tumor growth by kinase-induced p21 degradation.

Application of R26SmoM2; G/i1- Cref™> mouse model for studying drug resistance

SMO W535L is a common mutation found in sporadic and drug-resistant BCC tumors. This
residue is located outside the drug-binding pocket and mutation at this site is believed to change
the conformation, making the drug-binding pocket inaccessible to inhibitors. This allows for
continued growth even in the presence of drugs (Liao et al., 2020; Danial et al., 2015; Atwood et
al., 2015). Our lab has recently started using a R26SmoMZ2; Gli1-Creé"*"? (SmoM2) mouse model,
which possesses the W535L mutation, in order to study BCC drug resistance.

Since we've been able to show that Src inhibition can effectively repress HH signaling and
reduce BCC tumor burden, we next wanted to evaluate whether Src inhibition could be used as
an effective therapeutic to treat drug resistant BCCs. We initiated BCC tumor growth in SmoM2
mice for 16 weeks and, subsequently, intraperitoneally injected with either DMSO, 50mg/kg
vismodegib, or 5mg/kg KX01 for seven consecutive days. Histological staining of the dorsal skin
of vismodegib-treated mice confirmed that this mouse model is indeed resistant to SMO-inhibitor
treatment and KX01-treated mice showed no significant reduction in total tumor size compared
to DMSO controls (Figure 5.1 A- B). Therefore, our preliminary data suggests that KX01 treatment

alone cannot reduce tumor burden.
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Figure 5.1. Inhibition of Src does not suppress drug-resistant BCC growth. A)
Hematoxylin and eosin staining of dorsal back skin collected from DMSO- or KX01-treated
R26SmoM2; Gli1-Cre™®™ mice. Scale bar, 50 pm. B) Quantification of total tumor size per square

area (n > 150 tumors from 3 mice). AU, arbitrary unit. Error bars, SEM.

Studies on ovarian and lung cancers have shown that Src overexpression has been linked
to disease progression and the development of drug resistance. And as these studies have
demonstrated that Src inhibition can restore drug sensitivity to resistant tumors (Pengetnze et
al., 2003; Zhang et al., 2014), we propose treating SmoM2 mice with both vismodegib and KX01
to see if this same type of phenomenon is possible in BCCs. If so, it would suggest that Src plays
an important role in the development of SMO-inhibitor resistance in BCCs and that combination

treatment could serve as a promising therapy for patients with resistant tumors.
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Additionally, as our work suggests that inhibition of both mTOR and PI3K can reduce BCC
growth independently of HH signaling, it would be advantageous for us to examine how inhibiting
both of these pathways affects drug resistance as well. If inhibiting mTOR and/or PI3K can reduce
tumor burden in SmoM2 mice, it would provide promising therapies in the battle against BCC drug

resistance.

Alternative mechanisms of resistance in BCCs

A majority of drug resistance in BCCs has been attributed predominantly to SMO mutations
(Atwood et al., 2015; Ridky and Cotsarelis, 2015), and to a lesser extent, SUFU inactivation
mutations and abnormal GLI2 amplification (Sharpe et al., 2015). Although this portrays a need
to identify therapeutic targets that are either downstream of SMO or targets that contribute to
non-canonical activation of HH signaling, more research needs to be allocated towards targeting
the small subpopulations of BCC cells that are inherently resistant and insensitive to HH inhibitors.
More recent work done by a few labs have identified two alternative pathways that could be
driving BCC progression following drug treatment and dictating response to drugs.

Sanchez-Danés et al. (2018) identified a persistent BCC cell population that is driven by
Wnt signaling. They showed that vismodegib treatment induces tumor regression by promoting
tumor differentiation. However, even after treatment, a small population of slow-cycling tumor
cells persists. These persistent cells display reduced proliferation but no change in apoptosis
following treatment, suggesting that the cells are entering quiescence and ultimately contributing
to the emergence of drug resistance. Lgr5, a Wnt target gene, is highly expressed in non-treated
BCCs and its expression persists, albeit to a slightly lesser degree, with vismodegib treatment
(Sanchez-Danés et al., 2018). They demonstrated that these Lgr5+ cells undergo a phenotypic
switch from proliferative to quiescent upon vismodegib treatment. However, once vismodegib

treatment is discontinued, these cells switch back to a proliferative state. As Wnt inhibition alone
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cannot reduce tumor burden in mice (Youssef et al., 2012; Yang et al., 2008), they combined
vismodegib treatment with Lgr5 lineage ablation in K14CreER/ Ptch1cKO/Lgr5-DTR-GFP mice and
showed that there is almost a complete elimination of the drug resistant cells (99.5%) and a
significant reduction in tumor burden (Sanchez-Danés et al., 2018). Their data suggests that HH
inhibition alone promotes the maturation of a drug-resistant, persistent tumor cell population but
that dual inhibition of both HH and Wnt pathways can eliminate a majority of the Lgr5+ cells,
preventing tumor relapse. Similarly, work by Biehs et al. (2018) also demonstrated that BCC cells
undergo an identity switch upon vismodegib treatment. They show that the original transcription
program of BCC, which resembles that of the hair follicle bulge, switches to that of the stem cells
of the IFE and isthmus. Therefore, these tumor cells are becoming quiescent and are able to
evade drug treatment. This identity switch is also associated with rapid activation of the Wnt
pathway. Ultimately, they, too, demonstrated that combined treatment with vismodegib and a
Wnt pathway inhibitor in a different Ptchi-Trip53 mouse model can drastically reduce tumor
burden (Biehs et al., 2018). Together, these two groups demonstrated that BCC drug resistance
is a result of tumor cell persistence following vismodegib treatment.

Another pathway that has been shown to promote BCC tumor persistence is the Notch
signaling pathway (Eberl et al., 2018). However, even though Notch 1/2 mutations are among
the most commonly detected in BCCs and normal skin, the Notch pathway is not a driver of BCC
tumorigenesis (Bonilla et al., 2016; Jayaraman et al., 2014; Martincorena et al., 2015). Eberl et
al. provide supporting evidence that the 3-dimensional architecture of BCCs dictates its drug
response and that this response can be adjusted by modulating Notch. Tumors from Ptch1”%
GliI-Cre®®? mice consist of peripheral HH***/Notch™ basal cells and HH**/Notch* suprabasal cells
with vismodegib-induced apoptosis only occurring in the HH**/Notch* suprabasal cells whereas

the peripheral HH***/Notch™ basal cells display some type of survival advantage. This is consistent
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with previous reports which show that inhibition of HH signaling results in reduced proliferation
and induced apoptosis (Eberl et al., 2018; Hutchin et al., 2005; Williams et al., 2003). Additionally,
Shi et al. (2017) show that the Notch pathway is normally suppressed in BCC cells and that upon
stimulation of this signaling pathway, apoptosis is induced. So building upon previous studies,
Eberl et al. have been able to determine that activating Notch can cause existing tumors to regress
while inhibiting this pathway promotes tumor persistence. Also, when Notch signaling is blocked
in these BCC tumors, there is an increase in tumor persistence, and they demonstrate with
SmoM2;Gli1-Cre®™? mice that this persistence is independent of HH-driven drug resistance.
Together, they conclude that Notch inhibition can lead to tumor persistence without causing drug
resistance. Even if they do not consider Notch inhibition as a mechanism of drug resistance,
others may still think of this as a mode of resistance depending on how one defines what drug
resistance means. However, regardless of terminology, Notch modulation has the ability to dictate

how BCCs respond to drug treatment.

Summary

As SMO-inhibitor drug resistance is a common dilemma and recurring issue in BCCs, we
sought out to unveil alternative targets for combating and overcoming resistance. In Chapters 2
and 3, we demonstrated that both mTOR and PI3K could both be working either downstream of
or in parallel with HH signaling. This makes both of these pathways encouraging targets as an
alternative means for treating normal BCCs and as a novel means for treating resistant BCCs.
Additionally, in Chapter 4, we showed that Src is a non-canonical promoter of HH signaling via its
activation of aPKC. This, too, makes Src a promising therapeutic target for both drug-sensitive
and -resistant BCCs. Furthermore, it would be interesting to see if any of these pathways are
further upregulated in resistant BCCs compared to normal BCCs, suggesting that they play a role

in the development of drug resistance. This would shed light and provide a better understanding
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of alternative modes of drug resistance development. As such, more work needs to be done to

paint an entire picture of all potential regulators of BCC pathogenesis and progression.
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Ethics statement
Human clinical studies were approved by the Ethics Committee of the University of California
Irvine. All human studies were performed in strict adherence to the Institutional Review Board

(IRB) guidelines of the University of California Irvine.

Data Availability Statement
The dataset that supports the findings of these studies are available in GEO at

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE58375, reference number GSE58375.

RNA Sequencing Analysis

RNA-seq data were obtained from patient-matched advanced human BCC patients (Atwood et
al., 2015) whose tumors were surgically non-resectable. RNA-Seq data were aligned as previously
described (Atwood et al., 2015). The NCBI Reference Sequence (RefSeq) databases were used
as reference annotations to calculate values of reads per kilobase of transcript per million mapped
reads for known transcripts (RPKM). RPKM values were then log2-transformed and heat map
analysis was used to visualize the differential gene expression. Pathway enrichment terms from

RNA-seq data were obtained using Enrichr (Kuleshov et al., 2016).

Human Samples

Written informed consent was obtained for all archived human samples and was reviewed by the
University of California Irvine IRB. Human normal epidermis and BCC samples were collected from
UC Irvine Medical Center. Paraffinized samples were sectioned with a rotary microtome (Leica
RM2155) at 7 pm for analysis. Samples were deparaffinized as described by Abcam and antigen
retrieval was performed using a Tris-EDTA buffer (10 nM Tris base, 1 mM EDTA, 0.05% Tween

20, pH 9.0) at 60°C overnight.
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Cell Culture

ASZ001 cells (So et al., 2006) were grown in 154CF medium (Life Technologies) containing 2%
Fetal Bovine Serum (FBS; Life Technologies) chelated overnight with ChelexO 100 Resin (Bio-
Rad), 1% Penicillin-Streptomycin (P/S; Life Technologies), and 0.07 mM CaCl,. NIH3T3 cells
(ATCC, CRL-1658) were grown in DMEM medium (Life Technologies) containing 10% FBS and

1% Penicillin-Streptomycin.

Generation of Stable Cell Lines

Stable cells lines were generated using NIH3T3 cells and piggyBac™ transposons containing
sequences for mApple, wild-type kinase domain of PRKCI (aPKC-KiDo), Y265F kinase domain
PRKCT (aPKC Y265F KiDo), Y280F PRKCI (aPKC Y280F KiDo), Y334F PRKCI (aPKC Y334F KiDo),
wild-type Src , and kinase dead K299M Src (Src K299M). Cells were transfected with PEI
(NC1038561, Fisher Scientific) per manufacturer’s protocol and then selected for using 500ug/mL

Geneticin G-418 (50841720, Fisher Scientific) until all non-transfected cells were no longer viable.

Hedgehog assay

ASZ001 cells were plated to confluence, serum-starved (SS), and treated with either DMSO or
varying concentrations of Rapamycin (0.1 nM, 1 nM, 10 nM, and 100 nM) (Fisher Scientific), OSI-
027 (5 uM, 10 pM, 25 uM, and 100 uM) (Fisher Scientific), Everolimus (2 nM, 10 nM, 50 nM, and
250 nM) (Fisher Scientific), LY294002 (1 mM, 5 mM, 25 mM, and 100 mM; Fisher Scientific),
BKM120 (250 nM, 1.25 mM, 6.25 mM, and 31.25 mM; Fisher Scientific), Dasatanib (1 nM, 5 nM,
25 nM, and 125 nM), Saracatinib (2 nM, 10 nM, 50 nM, 250 nM), or KX01 (50 nM, 250 nM, 1.25
MM, and 6.25 pM) for 24 hours. Additionally, NIH3T3 cell lines were also plated to confluency, SS,
and treated with HH-conditioned media (1:100) for 24 hours. RNA was isolated using the Direct-
zol RNA MiniPrep Plus (ZYMO Research). Quantitative real-time polymerase chain reaction (RT-

gPCR) was performed using the iTaq Univer SYBR Green 1-Step Kit (Bio-Rad) on a StepOnePlus
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Real-time PCR system (Applied BioSystem) using primers for G/l (forward: 5-GCAGGTG
TGAGGCC AGGTAG TGACGA TG-3', reverse: 5'-CGCGGG CAGCAC TGAGGA CTTGTC-3") Gapdh
(forward: 5-AATGAA TACGGC TACAGC AACAGG GTG-3/, reverse: 5-AATTGT GAGGGA GATGCT
CAGTGT TGGG-3"), and mApple (forward: 5- ACCTAC AAGGCC AAGAAG CC -3/, reverse: 5'-
GCGTTC GTACTG TTCCAC GA -3'). Fold change in G/iZ mRNA expression was measured using
AACt analysis with Gapdh or mApple as an internal control. Experiments were repeated three

times and ran in triplicates.

Growth assay

ASZ001 or NIH3T3 cells were seeded at 2000 cells/well into 96-well plates. After 48 hours, cells
were treated with DMSO or varying concentrations of Rapamycin, OSI-027, Everolimus,
LY294002, BKM120, Dasatanib, Saracatinib, or KX01 (refer to HH assay) for the indicated amount
of days. Growth assay was performed with MTT (Sigma-Aldrich) per manufacturer’s protocol.
Plates were analyzed with a Bio-Tek uQuant MQX200 plate reader. Experiments were repeated

at least three times in 6 wells each.

Mouse Studies

All mice were housed under standard conditions and animal care was in compliance with the
protocols approved by the Institutional Animal Care and Use Committee (IACUC) at University of
California Irvine. Ptch1”% Gli1-Creé®?mice were administered 100uL of 10mg/mL tamoxifen
(Sigma) intraperitoneally for 3 consecutive days at 6 weeks of age. 5 weeks later, mice were
treated with either DMSO Everolimus (3mg/kg), BKM120 (10mg/kg), or KX01 (5mg/kg)
intraperitoneally for 7 consecutive days. The final volume of all injections was 100 pL. At the end
of treatment, mice were sacrificed and their back skin collected, fixed in 4% paraformaldehyde

(PFA, Electron Microscopy Sciences) for 30 minutes at room temperature, washed with DPBS (Life
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Technologies), immersed in 30% sucrose at 4°C overnight, and frozen in optimal cutting
temperature (OCT) compound (Sakura Finetek). Samples were then cryo-sectioned (CryoStar

NX50) at 14 um for analyses. Five mice were used for each treatment condition.

Micro-tumor assessment

Mouse sections were H&E stained per standardized protocol and images were taken at 200x
magnification on an AmScope microscope with an AmScope MU500B digital camera. Tumor size
was measured using FIJI software. Micro-tumors were assessed in mouse back skin as total tumor

size per square area. More than 50 tumors were measured in each of 5 mice.

Immunofluorescence staining

Skin sections were blocked using 10% BSA and 0.1% Triton X-100 in PBS for 1 hr at room
temperature. The following antibodies were used: mTor (rabbit, Cell Signaling Technology 2983S,
1:400), PI3K (rabbit, Abcam ab40776, 1:100), Src (rabbit, Cell Signaling Technology 2108,
1:400), p-Y418 Src (rabbit, Abcam ab4816, 1:500), Gli1 (rabbit, Santa Cruz Biotechnology sc-
20687, 1:500), Glil p-T304 (rabbit, 1:200) (Drummond et al., 2018), Krt14 (chicken, Fisher
Scientific 50-103-0174, 1:5000), aPKC (rabbit, Santa Cruz Biotechnology sc-216, 1:500), aPKC p-
T410 (rabbit, Santa Cruz Biotechnology sc-12894-R, 1:200), aPKC p-T560 (rabbit, Abcam
ab62372, 1:300), AKT (rabbit, Cell Signaling 4691S, 1:400), p-T308 AKT (rabbit, Cell Signaling
13038S, 1:400), p21 (rabbit, Cell Signaling 2947S, 1:250), p-T145 p21 (rabbit, GeneTex
GTX32376, 1:250), FAK (rabbit, 1:500), and p-T861 FAK (rabbit, Fisher Scientific 44626G, 1:250).
Sections were mounted with ProLong Diamond AntiFade Mountant with DAPI (Invitrogen).
Images were acquired on a Zeiss LSM700 confocal microscope with a 63x oil immersion objective.
FIJI was used to determine the average pixel intensity over five distinct tumors within a given

skin section. Images were arranged with FIJI and Adobe Illustrator.

102



ASZ001 cells were seeded onto glass coverslips, serum-starved, and treated with DMSO,
Everolimus (10 nM), BKM120 (6.25 uM), or KX01 (1.25 uM) for 24 hours. Cells were fixed with
4% PFA for 30 minutes, followed by incubation with antibodies against cCasp3 (R&D, 1:250) and
Mki67 (ThermoFisher, 1:250), and then subsequent incubation with secondary antibodies donkey
anti-mouse Cy3 or donkey anti-rabbit Cy3 (Jackson, 1:10,000). The coverslips were imaged using

an EVOS fluorescence microscope.

Protein Immunoblotting

ASZ001 cells were seeded to confluency, serum-starved, and treated with DMSO or Everolimus
(10 nM) for 24 hours. Cells were collected and lysed in SDS sample preparation buffer (100 mM
Tris-HCI, pH 6.8; 1 M DTT, 4% SDS, 20% glycerol, and 0.2% bromophenol blue). Samples were
loaded onto a 4-20% gradient polyacrylamide gel (BioRad) and transferred onto nitrocellulose
membrane (Genesee Scientific). Membranes were immunoblotted with antibodies against aPKC
(Santa Cruz Biotech, 1:1000) and B-tubulin (DSHB, 1:2000) in 1x TBST, incubated with secondary
antibodies donkey anti-mouse Alexa 680 or donkey anti-rabbit Alexa 790 (Jackson, 10,000), and

then imaged using the LI-COR Odyssey system.

Statistics

Statistical analyses were done using two-tailed ¢test or two-way ANOVA using GraphPad Prism.
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