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ABSTRACT OF THE DISSERTATION 

 

Atypical Protein Kinase C and Protein Kinase A in Drug-Resistant Basal Cell Carcinoma 

 

By 

 

Tuyen Thi Linh Nguyen 

Doctor of Philosophy in Biological Sciences 

University of California, Irvine, 2021 

Associate Professor Scott Atwood, Chair 

 

Basal cell carcinoma (BCC) is driven by overactivation of the Hedgehog signaling pathway 

whose current FDA-approved chemical inhibitors can efficiently suppress protein receptor 

Smoothened (SMOi) but have presented serious resistance problems in clinical settings. In 

SMOi-resistant BCCs, we documented an important correlation between the increase in mRNA 

level of the constitutively active isoform of atypical protein kinase C (aPKC-K) and the surge in 

mutational load of ciliary proteins. We demonstrated, for the first time, that aPKC protein 

expression was upregulated upon cilia loss and that chemical inhibition of aPKC increased both 

percent ciliation and cilia shaft length, both in cells and BCC mice. We also found that the 

Hedgehog pathway activity (a) was significantly diminished when ciliogenesis was disrupted by 

transient knockdown of important ciliary genes and (b) was adequately rescued when aPKC-K 

was simultaneously overexpressed. At the same time, cells that overexpressed aPKC-K 

displayed resistance to Vismodegib, a widely prescribed SMOi. We also recorded higher aPKC 

protein expression and lower ciliogenesis in human superficial BCC subtype in comparison to 

nodular BCC subtype, suggesting a connection between the interfollicular epidermal origin of 

superficial BCCs and the SMOi-resistance tendency, presumably via aPKC overactivation 

xi 



coupled with cilia loss. In a second project, we detailed the functional effects of phosphorylation 

by protein kinase A (PKA) at individual and combinatorial PKA-specific phosphosites on GLI1. 

Artificial loss of PKA-phosphorylation promoted growth in murine BCC cells and allografts; 

whereas overexpression of clinical mutations found in resistant BCCs near the PKA-sites on 

GLI1 altered GLI1 activity, localization, and stability. We also described, for the first time, a 

truncated protein product of GLI1 when PKA-phosphorylation was mimicked. These findings 

challenged the currently accepted notion that GLI1 could only be completely degraded by the 

βTrCP/proteasome complex. Instead, these results suggest that PKA may negate GLI1 activity 

in a graded fashion via specific phosphorylation at the three C-terminal PKA-phosphosites. 

Therefore, we propose two new mechanisms of SMOi-resistance in BCCs: (1) selecting for 

ciliary mutations that abolish the primary cilia-dependent canonical HH pathway while 

overactivating aPKC to non-canonically promote downstream GLI transcription factor, and (2) 

selecting for GLI1 mutations that disrupt the inactivating phosphorylation by PKA to maintain 

canonical HH signaling. 
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Chapter 1

INTRODUCTION

1



Basal Cell Carcinoma

Basal cell carcinoma (BCC) is a locally invasive skin cancer driven by mutations that activate

the Hedgehog (HH) signaling pathway in the basal cells of the epidermis (Atwood et al., 2012).

Among all skin cancers that include basal cell carcinoma, squamous cell carcinoma, melanoma,

Merkle cell carcinoma, Kaposi carcinoma, adnexal carcinoma, cutaneous lymphoma, and

epithelioid sarcoma, BCC is estimated to account for 60%–80% of the cases, making it the most

common form of skin cancers (Cameron et al., 2019). Yet, due to the lack of a worldwide central

reporting pipeline and of uniform reporting guidelines, it is difficult to obtain accurate numbers of

annual BCC incidence. Approximately, BCCs affect 4 million Americans (Sekulic and Hoff,

2016), 1.28 million Europeans (Reinau et al., 2014), 1 million Asians (Sng et al., 2009), and half

a million Australians (Richmond-Sinclair et al., 2009) yearly. To date, most BCCs can be

removed via surgical excision while advanced and metastatic BCCs require alternative

pharmacotherapies (Mohan and Chang, 2014). However, nearly 57% of advanced BCCs are

inherently resistant to the current FDA-approved chemical inhibitors of the HH pathway (Chang

and Oro, 2012). Additionally, 21% of the tumors that initially responded to these inhibitors would

develop resistance within a year (Chang and Oro, 2012), which raises a relevant public health

concern as the number of advanced and metastatic BCC cases in the U.S. alone is already

estimated to be 1.5%–11.5% of all BCC cases (or 60K–460K cases) (Sekulic and Hoff, 2016).

Subtypes

BCCs are classified into nodular, superficial, infiltrative, and micronodular subtypes based on

their histological presentation (Raasch et al., 2006). Nodular BCC is the most common clinical

subtype that typically contains visible telangiectasia under a shiny and smooth surface with

rolled borders. Histologically, they are characterized by large nodules of keratinocytes inside the

dermis that are completely separated from the epidermal layer by the surrounding stroma
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(Figure 1.1.A). Micronodular BCCs are BCC nodules smaller than 15 μm. To the contrary,

superficial BCCs appear as red patches on the skin. Histologically, they are characterized as

buds of malignant cells protruding into the dermal layer from the basal layer yet remained

attached to the basal layer (Figure 1.1.B). Finally, infiltrative (or morpheaform) BCCs are an

aggressive subtype that typically appears as waxy, scar-like lesions that may have

telangiectasia and may infiltrate cutaneous nerves. Histologically, they are characterized as

wide and deep extensions of tumor cells into the underlying dermis (Figure 1.1.C). 

Figure 1.1. Three major BCC subtypes. Representative immunofluorescent images of human

BCC samples for (A). Nodular BCC. (B). Infiltrative BCC. (C) Superficial BCC. DAPI (blue) and

tubulin (red) were used to mark the nuclei and cytoskeleton of the cells.

Staging

The staging of BCCs has been defined by the Cancer Treatment Centers of America ranging

from small, local tumors in the epidermis to larger, metastasized tumors in distant parts of the

body (Table 1). Despite rarity, metastatic BCCs have been reported at rates as low as 0.0028%

in Australia (Paver et al., 1973) to approximately 0.1% in the United States (Cotran, 1961) and

Europe (von Domarus and Stevens, 1984).
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TABLE 1.1. Staging of BCCs as defined by the Cancer Treatment Centers of America

Stage Description

0 Carcinoma in situ, confined within the epidermis AND has not spread into the dermis

I <2 cm across AND has not spread to nearby lymph nodes or organs AND has one or
fewer high-risk features

II >2 cm across AND has not  spread to nearby lymph nodes or organs; OR tumor of
any size with two or more high-risk features

III has spread to facial bones OR 1 nearby lymph node AND has not spread to other
organs

IV tumor of any size, has spread to 1 or more lymph nodes that is > 3 cm or has spread
to other organs

Cells of origin

BCCs can arise from all stem cell populations in the basal layer of the epidermis and of hair

follicles depending on the oncogenic mutations involved. Specifically, inactivating mutations of

tumor suppressor gene PTCH1 induces tumor formation in 73% of human BCCs; whereas

constitutively activating mutations in SMO and SUFU are associated with 20% and 8% of BCCs,

respectively (Bonilla et al., 2016). Similarly, mice with loss of Ptch1 in specific skin and hair

follicle compartments can form BCCs in the hair follicle bulge, secondary hair germ, isthmus,

infundibulum, touch dome, and/or other areas of the epidermis (Kasper et al., 2011; Peterson et

al., 2015; Wang et al., 2011). In addition, overexpression of constitutively active SMO induces

BCCs in the upper infundibulum and interfollicular epidermis (Wong and Reiter, 2011; Youssef et

al., 2010). Furthermore, overexpression of constitutively active GLI2 in the lower bulge,

secondary hair germ, infundibulum, and sebaceous gland of the hair follicle drives nodular BCC

formation, yet the same GLI2 expression in the epidermis results in superficial BCCs

(Grachtchouk et al., 2011). In humans, BCCs are observed in both the epidermis and hair

follicles but the exact cells of origins are still unknown. Interestingly, several studies have shown

that superficial human BCCs contain a higher number of Merkel cells which are normally found
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in the touch domes, suggesting a possible common origin at mechanosensory niches (Peterson

et al., 2015).

Figure 1.2. Stem cell populations in the epidermis. BCC may arise from several epidermal

stem cell populations at various microanatomical locations including the interfollicular epidermis,

bulge, secondary hair germ, infundibulum, sebaceous gland, isthmus, and touch dome. These

specific stem cell niches display differential gene expression and give rise to different

subpopulations of epidermal cells to maintain homeostasis.

Risk factors

BCC tumorigenesis is known to be influenced by a combination of genetic and environmental

factors. In particular, ultraviolet (UV) radiation via indoor tanning may increase the life-time BCC

risk by 4% (Wehner et al., 2012). Photosensitizing drugs have also been shown to elevate BCC

risk by inducing a phototoxic or photoallergic reaction upon UV exposure (Robinson et al.,
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2013). Additionally, individuals exposed to atomic bomb radiation displayed significantly higher

rates of BCCs, especially when exposed at younger ages (Sugiyama et al., 2014). On the other

hand, germline mutations in the gene encoding PTCH1, the suppressor of the HH pathway,

have been reported in all basal cell nevus syndrome (BCNS or Gorlin syndrome) patients who

display persistently high HH activation and develop hundreds of BCCs throughout their lifetimes

(Huq et al., 2017). Similarly, sporadic BCCs are driven predominantly by mutations that inhibit

Patched1 or activate SMO in the basal layer of sun-exposed epidermis (Bonilla et al., 2016).

Therefore, it is not surprising that BCC incidence is much higher in light-skinned individuals than

darker-skinned individuals (Bradford, 2009). In recent years, BCCs have also been increasingly

reported in organ transplant recipients, flagging the role of immunosuppression as a significant

BCC risk factor (Adami et al., 2003). Specifically, transplant recipients are more likely to develop

subsequent BCC tumors after the first one (Wisgerhof et al., 2010). Moreover, frequent BCC

formation is now a clinical marker for the risk of other malignancies, presumably due to

increased oncogenic mutations of DNA repair genes (Cho et al., 2018).

Signaling pathways altered in BCC

Aberrant activation of the HH pathway is the sole known driver in BCC tumorigenesis. According

to the data observed so far, BCCs display a significant upregulation of HH target genes (Atwood

et al., 2015) and mutations of HH components have been recorded in approximately 90% of

BCC cases (Pellegrini et al., 2017). Developmentally, HH signaling is essential for invertebrate

and vertebrate embryogenesis. It also regulates cell proliferation, migration, angiogenesis and

stem cell regeneration in adult tissues (Varjosalo and Taipale, 2008). When extracellular Hh

ligand binds and inactivates its receptor Patched1 (Ptch1), the G protein-coupled receptor

Smoothened (Smo) becomes available to facilitate activation of downstream transcription

factors Glioma-associated oncogenes (Gli), leading to transcriptional regulation of HH targets,

which includes Ptch1 and Gli1. In vertebrates, HH signals through a microtubule-based sensory
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organelle called the primary cilium that largely resides in progenitor cells of the skin and hair

follicle (Croyle et al., 2011). In fact, components of the HH pathway are recruited to the primary

cilium. Here, in the presence of HH ligands, PTCH1 is inactivated, which allows SMO to traffick

into the cilium and facilitate activation of GLI (Figure 1.3). In mouse BCC models, loss of the

primary cilium suppresses tumor growth when the driving mutation is at the receptor level

(PTCH1 or SMO). However, absence of cilia accelerates tumor growth when the driving

mutation is at the level of GLI (Wong et al., 2009). Generally, mutations on the HH components

of the skin stem cell compartments drive tumor growth (Nilsson et al., 2000; Oro et al., 1997;

Oro and Higgins, 2003).

Figure 1.3. Vertebrate Hedgehog pathway signals through the primary cilium. When HH

ligand is absent, transmembrane receptor PTCH1 inhibits translocation SMO into the cilia,

allowingSUFU to sequester GLIs in the cytoplasm. When HH ligand is present, it binds to and

inhibits PTCH1, SMO then enters the cilium to suppress SUFU, thereby, freeing GLI to localize

to the nucleus and activate transcription of target genes.
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Additionally, pathways that enhance HH signaling are often intimately entwined with BCC

growth. For instance, atypical protein kinase C iota/lambda (aPKC), a HH target gene and GLI1

kinase, phosphorylates and activates GLI1 to maintain high HH pathway activation levels in both

normal and BCC tumor contexts (Atwood et al., 2013). Inappropriate aPKC activity correlates

with poor patient clinical outcome and mortality (Murray et al., 2011) while loss of aPKC results

in severe reduction in GLI activity and tumor growth (Atwood et al., 2013). Furthermore,

aPKC-specific phosphorylation of GLI1 recruits HDAC1, promoting GLI1 deacetylation and

activity while suppression of HDAC1 also suppresses BCC tumor growth (Mirza et al, 2017).

Other data also point to single nucleotide variants (SNVs) and somatic copy number aberrations

(SCNAs) that exist in pathways thought to be outside of the HH pathway axis. For instance, the

Hippo-YAP pathway showed a high frequency of SNVs and SCNAs in PPP6C

(Serine/threonine-protein phosphatase 6 catalytic subunit), LATS1/2 (Large tumor suppressor

kinase 1/2), and PTPN14 (Tyrosine-protein phosphatase non-receptor type 14). Subsequent

work by others have shown that driving tumor formation with constitutively active SMO activates

the Hippo-YAP pathway and that overexpression of Hippo-YAP pathway can drive BCC growth

in part by activating the HH pathway (Akladios et al., 2017; Maglic et al., 2018). Interestingly, the

RAS-PI3K pathway, which is essential for HH signaling, also shows low levels of SNVs and

SCNAs on genes that encode ERBB2 (Erythroblastic leukemia viral oncogene homolog 2), RAS

(Rat sarcoma), PIK3CA (Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit

Alpha), and RAC1 (Ras-related C3 botulinum toxin substrate 1) in BCCs (Bonilla et al., 2016). It

is thought that the RAS pathway serves more as a secondary driver that is suppressed when

the HH pathway is active and driving a fate switch to SCC when the HH pathway is suppressed

(Kuonen et al., 2019; Riobó et al., 2006; Zhao et al., 2015). At the same time, actin cytoskeletal

dynamics driven by RHO (Rhodopsin) can activate SRF (Serum response factor) and MLK1

(Megakaryoblastic leukemia 1), which serve as GLI1 coactivators on target genes to drive tumor
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growth (Whitson et al., 2018).

Finally, the Notch signaling pathway is highly altered in BCCs with Notch1-deficient mice

showing susceptibility to forming both BCCs and SCCs (Bonilla et al., 2016; Nicolas et al.,

2003).  However, Notch does not seem to be a driver of tumor growth as Notch-inhibited

keratinocytes do not form tumors in mice despite spreading rapidly throughout the skin

(Vagnozzi et al., 2015). Notch does seem to help make the tumor susceptible to SMO inhibition

(Eberl et al., 2018), suggesting a more nuanced role bridging HH signaling and apoptosis.

Recent genomic analysis of all types and stages of BCC reinforces the idea of the HH pathway

as a driver of tumor growth (Bonilla et al., 2016).

The Primary Cilium

The primary cilium is a solitary microtubule-based organelle extending from the apical surface of

most mammalian cell types during growth arrest (Plotkinova et al., 2009), covered by the

plasma membrane. It was first described in 1968 and has been found to be the coordination

center of several signaling pathways vital for development and tissue homeostasis (Satir et al.,

2010; Sorokin, 1968; Wheway et al., 2018). Primary cilia are present in various tissues including

but not limited to the brain, reproductive organs, glands, sensory organs, heart, pancreas, liver,

spleen, muscles, bone, airway ducts, kidneys, connective tissues, and the epidermis

(Venkatesh, 2017). Thus, defects in ciliogenesis can cause several developmental disorders

and diseases (collectively termed ciliopathies) (Hilderbrandt et al., 2011) as well as cancers

(Han et al., 2009; Nielsen et al., 2008; Wong et al., 2009).

Structurally, each primary cilium consists of a basal body and an axoneme (or cilia shaft) (Sun et

al., 2019). The basal body arises from the mother centriole located at the cell body-proximal
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surface during G0/G1 phase and, sometimes, during S/G2 phase of the cell cycle (Sorokin,

1968). The mature centriole is modified to contain 9 microtubule triplets in a cylindrical

arrangement (Sun et al., 2019) connected to a Rootletin-containing rootlet (Engelmann, 1880;

Nussbaum, 1887; Sjostrand, 1953; Yang et al., 2002), basal feet (Albrecht-Buehler and

Bushnell, 1980; Kunimoto et al., 2012), and the transition zone fiber complex (Garcia-Gonzalo

et al., 2011; Reiter et al., 2012) for anchorage at the cell membrane. Polymerization of tubulin

subunits continuously from the basal body microtubules gives rise to the axoneme. The

axoneme serves as a cytoskeletal scaffold composed of 9 microtubule duplets arranged in a

ring configuration with no microtubule in the center (Satir, 2005) and are not connected to each

other (Carlén et al., 2003). Of note, this ring configuration is only present at the base of the

axoneme because the 9 microtubule complexes differ significantly in length, resulting in various

longitudinal arrangements and explaining why the diameter of the primary cilia gets

progressively smaller towards the tip (Sun et al., 2019).

Ciliogenesis is a dynamic process involving protein transport to and from the cilia tip coupled

with active assembly and disassembly. Thus, disruption of any one ciliary component may

prevent proper cilia formation, hence signaling (Avasthi and Marshall, 2012). First, the basal

body forms as the mother centriole migrates to the cell surface and docks into the actin-rich

complex (Sorokin, 1962; Sorokin, 1968). Here, the basal body interacts with membrane vesicles

that fuse with the ciliary plasma membrane in order to receive necessary building blocks.

Polymerization and depolymerization of the microtubules depend on tubulin turnover at the cilia

tip, regulated by the intraflagellar transport proteins (IFTs) that package various structural ciliary

components and proteins of various signaling pathways (IFT trains) (Kozminski et al., 1995;

Marshall et al., 2005). The size and number of IFT trains inversely proportional to the length of

cilia (Engel et al., 2009). Two IFT complexes, IFT-A and IFT-B, contain many other ciliary

proteins needed for axoneme elongation and signaling cascades, with IFT-B being
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anterogradely transported along microtubule fibers to the cilia tip by motor proteins kinesin-2

(KIF2) and IFT-A being retrogradely transported to the base by dynein-2 (DYNE2) (Cole et al.,

1998). Several GTPase-GEF, such as Rab11-Rabin8, Rab8-Rabin8, also modulate vesicular

docking and fusion to promote ciliogenesis (Chen et al., 2011; Knodler et al., 2010; Nachury et

al., 2007). Another GTPase-GEF, Cdc42-Tuba, is also required for appropriate interaction with

exocyst and controls cilia formation (Choi et al., 2013). Interestingly, Cdc42 is known to act in

the cell polarity complex with aPKC-Par6 complex at the base of the cilia (Nunes de Almeida et

al., 2019), further implicating aPKC involvement in ciliogenesis.

Figure 1. 4. Ciliary transport. Cargoes and proteins and/or other substances are packaged

with intraflagellar transport proteins (IFTs) and motor proteins (Kinesin 2 and Dynein 2)  into

intraflagellar transport particles. These IFT particles move along the microtubules of the

axoneme to shuttle needed structural and signaling components between the cilia base and tip.
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Unlike the motile cilia that function mainly in rhythmic, directional movement of molecules to

dictate chemical gradient (Bayless et al., 2019), primary cilia function as the mechanosensors

to detect extracellular signals such as developmental morphogens, fluid flow, growth factors

(Marshall and Nonaka, 2006) and transduce these signals via various pathways. For example,

epidermal growth factors EGFR and PDGFR localize to the ciliary membranes to signal through

the MEK1/2 and mTOR cascades to promote cell proliferation and survival, the processes that

are enhanced in serum-deprived condition (Schneider et al., 2005; Ma et al., 2005). Additionally,

Notch receptors and Notch-processing enzymes are also present at the cilia to regulate

differentiation of developing epidermis (Ezratty et al., 2011; Ezratty et al., 2016; Guruharsha et

al., 2012). At the embryonic node, glycosylated Notch1 increases specification of primary cilia to

define the left-right asymmetry of the embryos (Boskovski et al., 2013; Tavares et al., 2017). At

the same time, Notch signaling also influences ciliary length and SMO accumulation

(Stasiulewicz et al., 2015) directly connecting Notch and HH pathways. Wnt/β-catenin signaling

is another important pathway that transduces signals through the primary cilia (Corbit et al.,

2007). Particularly, ciliary KIF3A protein appears to restrict phosphorylation of Dishevelled,

thereby inhibiting the downstream cascade of Wnt (Corbit et al., 2007). Similarly, ciliary Inversin

proteins target cytoplasmic Dishevelled for degradation to attenuate canonical Wnt signaling

(Bergmann et al., 2008; Simons et al., 2005). In fact, several mutations of ciliary genes in

Bardet-Biedl syndrome and Joubert syndrome patients have been found to affect nuclear entry

of β-catenin and disrupt Wnt signaling (Gerdes et al., 2007; Lancaster et al., 2011).

Notably, the primary cilium has been extensively reported in the canonical transduction of the

Hedgehog pathway. So far, all major HH components have been found to localize to the primary

cilia, including PTCH1, SMO, SUFU, and GLIs (Corbit et al., 2005; Haycraft et al., 2005; Rohatgi

et al., 2007; Zeng et al., 2010) and are among the 303 reported ciliary proteins according to the

SYS-CILIA database (van Dam et al., 2013). The translocalization of HH intermediates in and
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out of the cilia is facilitated by intraflagellar transport proteins (IFTs) and motor proteins (KIFs)

(Beales et al., 2007; Huangfu et al., 2003; Pedersen and Akhmanova, 2014; Qin et al., 2011;

Yuan et al., 2016). Disruption of primary cilia formation has been shown to be responsible for a

significant loss of HH signaling (Wong et al., 2009) and to be a hallmark of several cancers,

such as breast, renal, prostate, and pancreatic cancers as well as melanoma (Kim et al., 2011;

Hassounah et al., 2013; Schraml et al., 2009; Seeley et al., 2009; Yuan et al., 2010). However,

many resistant BCC tumors display varying degrees of cilia loss despite a significant increase in

HH activity (Atwood at el., 2013; Kuonen et al., 2019) and a large percentage of these cases still

lack a clear mechanistic explanation.

The Hedgehog Pathway

The Hedgehog signaling pathway was first described in Drosophila and quickly became known

as one of the major trafficking networks to regulate key developmental processes. Specifically,

the Hh gene was identified for its role in embryonic segment polarity (Nüsslein-Volhard and

Wieschaus, 1980) and later found to encode for the secreted protein Hh (Lee et al., 1992;

Mohlet and Vani, 1992; Tabata et al., 1992; Tashir et al., 1993). Initial functional studies

demonstrated that spatially restricted expression of Hh dictates the expression of wingless

(Wnt1 orthologue) in neighboring cells of the larval epidermis (Heemskerk and DiNardo, 1994),

yet this interaction only stabilizes but does not induce cell fate during dorsal embryonic

epidermal patterning (Vincent et al., 2008). Hh also plays a role in appendages patterning in

adult flies as it is expressed throughout the posterior of the wing imaginal disc to regulate

proliferation and positional identity of disc cells (Hartl and Scott, 2014). In vertebrates, Hh

proteins regulate limb bud formation (Ingham and Placzek, 2006), specify digits (Lopez-Rios et

al, 2014), dictate cell types within the neural tube (Dessaud et al., 2008), control the left-right

asymmetry of organs patterning (Hu et al., 2017), liver construction and regeneration (Omenetti
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et al., 2010), as well as skin development (Abe and Tanaka, 2017) and development of many

other tissues.

Drosophila hh gene has three mammalian orthologs: Sonic hedgehog (Shh), Desert hedgehog

(Dhh), and Indian hedgehog (Ihh) (Bitgood and McMahon, 1995). Post translation, Hh protein

undergoes autoproteolytic cleavage and is subsequently attached one cholesterol molecule and

one palmitic acid molecule (Ingham and McMahon, 2001; Porter et al., 1996) prior to being

secreted into the extracellular matrix where a concentration gradient of this ligand is formed

(Burke et al., 1999; Gallet et al., 2003). At the plasma membrane of receiving cells, Hh ligand

binds to its receptor Patched via coreceptors (Zhang et al., 2006), thereby (1) facilitating its

internalization and targeting to lysosomes for degradation (Gallet and Therond, 2005) in

concurrence with (2) relieving the repressive function of Patched on Smoothened to trigger a

signal transmission cascade that leads to the activation of Hh downstream transcription factors

(Methot and Basler, 1999), including Cubitus interruptus (Ci) in invertebrates and

glioma-associated oncogenes (GLI1, Gli2, GLI3) in vertebrates (Huangfu and Anderson, 2006).

Available Smoothened undergoes a series of phosphorylations at its C-terminal tail by PKA,

CK1, and GSKβ3 to become active (Su et al., 2011; Zhang et al., 2004) and, in the presence of

Hh ligand, interact with Sufu-Ci/GLI complex to promote formation of activator Ci or GLIs to

consequently activate the pathway (Liu et al., 2007; Ranieri et al., 2012).

In vertebrates, the HH pathway relies on the primary cilia structure to centralize and transduce

signals (Corbit et al., 2005; Haycraft et al., 2005; Rohatgi et al., 2007; Zeng et al., 2010). In fact,

PTCH1, SMO, SUFU, GLIs, and their regulators are also found to be highly concentrated at the

primary cilia (van Dam et al., 2013) (Figure 1.3). Especially, the ultimate HH effectors GLIs are

thought to be sequestered in a scaffold complex at the cilia base and are sequentially

phosphorylated by activating kinases to become transcriptional activators or are phosphorylated
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by deactivating kinases to be completely degraded or partially processed into their repressor

forms by the ubiquitination-mediated proteasomal complex (Aza-Blanc et al., 2000;

Niewiadomski et al., 2013; Pan et al., 2006;  Pan et al., 2009; Price and Kalderon, 1999; Rust

and Thompson, 2011; Wang et al., 1999; Wang et al., 2000). Disruption of ciliogenesis

significantly reduces HH activity (Huangfu et al., 2003; Yin et al., 2009). Yet, how ciliogenesis

might influence the regulation of all three GLI family members was still unclear and would

provide helpful insights if investigated.

In the context of cancers, canonical activation of GLI through the HH ligand-PTCH-SMO route

holds true for ciliated tumors. However, non-canonical mechanisms have also been growingly

identified in SMO-independent activation of GLI proteins in various cancers. For instance, the

RAS/MAPK pathway can increase GLI1 and GLI2 transcriptional activity in colon cancer

(Mazumdar et al., 2011), gastric cancer (Seto et al., 2009), medulloblastoma (Lu et al., 2018;

Antonucci et al., 2019), and BCC (Kasper et al., 2006). PI3K/AKT/mTOR pathway can enhance

GLI1 protein stability in ovarian cancer (Singh et al., 2017). Additionally, control of GLI1

acetylation by HDACs also stimulates GLI1 nuclear localization and transcriptional activity in

multiple myeloma (Geng et al., 2018), to name a few.

In BCCs, the HH pathway has been consistently found to be upregulated via both protein

activities and mRNA levels (Epstein, 2015). At the same time, BCCs that show resistance to HH

pathway inhibitors, SMOi, also display disrupted ciliogenesis (Kuonen et al., 2019) and

overactivation of aPKC (Atwood at el., 2013). While it is intuitively contradicting that resistant

BCCs have increased HH activity despite ciliary loss, it opens up the possibility that aPKC may

be the alternative factor that maintains HH signaling. But, a mechanism connecting loss of cilia

to this noncanonical pathway is still missing.
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Therapies and Resistance in BCCs

BCC therapy is largely guided by the anatomical location and histological features of tumors. To

date, surgical excision is the most common BCC treatment and is typically used for superficial

and nodular BCCs while chemical therapies are required for advanced and metastatic BCCs.

Surgical excision includes cryosurgery, curettage, electrodissection, Mohs surgery, and standard

surgical excision (Rubin et al., 2005). Via Mohs surgery, BCC is successively removed in thin

layers and examined under the microscope until no cancerous tissue is leff. This method

minimizes damage to the surrounding tissues and is apparently more effective than standard

surgical excision in preventing BCC recurrence at the primary sites (Mosterd et al., 2008).

However, tumors that are too large, in cosmetically sensitive areas, or metastatic often require

nonsurgical methods such as radiotherapy, photodynamic therapy (PDT), and chemotherapy. Of

note, PDT is more effective for superficial BCC than the nodular/micronodular subtypes

(Christensen et al., 2012) as this method uses visible light to activate photosensitizing drugs

that generate reactive oxygen species to kill tumor cells (Fien and Oseroff, 2007). However,

larger tumors display higher recurrence rates if treated with PDT than with surgical excision

(Rhodes et al., 2007), presenting a trade-off between better cosmetic outcome with PDT and

lower recurrence with surgical excision.

PDT with methyl-aminolevulinate acid (MAL-PDT) has been adopted as a treatment for BCC

(Wiznia and Federman, 2016). Yet, the recurrence rate at 5 years post PDT completion has

been reported in roughly 30% of the cases (Aguayo-Leiva et al., 2010; Bakshi et al., 2017; Clark

et al., 2014; Gracia-Cazana et al, 2018). In vitro selection of PDT-resistance using mouse BCC

cell lines through 10 cycles of MAL-PDT causes a morphological change from polygonal to

spindle shape in these cells along with a loss of E-cadherin-mediated cell-cell adhesion (Lucena
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et al., 2019), which is phenotypic of epithelial-mesenchymal transition (EMT). Since the EMT

process is regulated by activation of the Wnt/β-catenin pathway (Nakamura and Tokura, 2011)

and the loss of E-cadherin occurs in several cases of more aggressive BCCs (Pizarro et al.,

1994), the Wnt/β-catenin signaling cascade is thought to possibly contribute to the resistance of

PDT-treated BCCs.

Several chemotherapy treatments have been approved by the Food and Drug Administration

with multiple others currently in clinical trials. Topical therapies include imiquimod (IMQ),

5-fluorouracil (5-FU), and SMO inhibitors (SMOi) such as vismodegib and sonidegib. Among

these, IMQ can clear up 75% of superficial BCCs, presumably through its role as an agonist of

Toll-like receptor 7 and 8 (TLR7/8) to induce local skin inflammation through interferon-alpha

(TNF-α) and other cytokines (Geisse et al, 2004) and as a suppressor of HH pathway activation

by increasing PKA-mediated ubiquitination of GLI proteins (Wolff et al., 2013). Similarly, 5-FU is

effective in 70% of superficial BCC cases with minimal pain or scarring (Jansen et al., 2018). It

inhibits DNA synthesis by blocking the activity of thymidylate synthetase and the methylation of

deoxyuridylic acid (Gross et al., 2007). Amongst SMOi, Vismodegib was the first FDA-approved

oral therapy for locally advanced and metastatic BCCs, showing efficacy in both late-stage

sporadic BCCs and Gorlin’s syndrome BCCs (Sekulic et al., 2012; Tang et al., 2016; Tang et al.,

2012). However, nearly 60% of advanced tumors are inherently resistant to SMOi and over 20%

of the initially SMOi-sensitive advanced tumors regrow within a year of therapy cessation

(Chang and Oro, 2012), suggesting the need of a combinatorial treatment using SMOi as a

neoadjuvant therapy prior to a surgical technique. It has been found that approximately 51% of

acquired resistance to SMOi are due to mutations on SMO that either prevent SMO-drug

interaction or make SMO constitutive active (Atwood et al., 2015). Therefore, alternative

therapies to treat SMOi-resistant BCCs should target HH pathway proteins that are downstream

of SMO, including SRF-MKL1 (Whitson et al., 2018), aPKC (Atwood et al., 2013), HDAC1 (Mirza
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et al., 2017), SUFU, or GLI. Since the recent findings suggest that hair follicle-derived BCCs as

more sensitive to SMOi than epidermal-derived BCCs (Biehs et al., 2018), we can now create

more targeted treatment plans for patients. Taking into account the fact that BCCs can switch

from a hair-follicle signature to an epidermal signature to evade SMO inhibition and persist in

the presence of drug, combinatorial treatment involving a WNT inhibitor and a SMOi may be

more effective in eradicating of SMOi-resistant tumor cells and preventing tumor relapse.

In recent years, SMOi such as vismodegib and sonidegib have been widely used to treat

advanced and multiple BCC tumors. While more than 99% of basal cell nevus syndrome

(BCNS) BCCs showed complete response, only 47% of locally advanced and 33% of metastatic

sporadic BCCs show regression (Sekulic et al., 2015, Tang et al., 2016, Chiang et al., 2017). In

other words, these SMOi are inherently ineffective in 53% of advanced BCC cases and nearly

21% of tumors with initial regression will likely develop resistance within 56 weeks of treatment

(Chang and Oro, 2012; Sekulic and von Hoff, 2016). Sequencing efforts coupled with functional

studies have identified SMO mutations that either block drug binding or render SMO

constitutively active to be the cause in approximately 50% of resistant cases (Atwood et al.,

2015; Pricl at el., 2014; Sharpe et al., 2015). Additionally, specific activating mutations in

transcription factor GLI2 (Sharpe et al., 2015) and loss-of-function mutations in SUFU (Pastorino

et al., 2009; Sharpe et al., 2015; Smith et al., 2014) are thought to contribute to SMOi resistance

by activating GLI2 despite mutational heterogeneity. However, functional studies of those SUFU

mutations did not indicate resistance capability (Urman et al., 2016). In rarer cases, the

RAS/MAPK pathway has also been implicated as a SMOi-resistant mechanism when a switch

from Hedgehog to Ras pathway is thought to drive the transition from BCC to squamous cell

carcinoma the the absence of primary cilia (Kuonen et al., 2019). Nevertheless, the remaining

SMOi-resistant cases remain unexplained.
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Atypical Protein Kinase C and BCC

Atypical protein kinase C (aPKC) belongs to the extended protein kinase C family and includes

PKCζ and PKCλ/ι (Griner and Kazanietz, 2007; Newton and Brognard, 2017). Structurally,

aPKC has a protein-interaction domain PB1 at its N-terminus comprising of approximately 80

amino acids with a conserved acidic DX(D/E)GD segment and invariant lysine residues that

permit dimerization and/or oligomerization (Hirano et al., 2004; Wilson et al., 2003).

Downstream of PB1 domain is the pseudosubstrate (PS) motif followed by a single atypical C1

domain and a highly conserved catalytic domain with ATP/substrate binding motifs at the

C-terminus (Reina-Campos et al., 2019).  Unlike other PKC members, aPKCs do not possess

the second C1 domain and the C2 domain, thus are not sensitive to Ca2+ and diacylglycerol

(Ono et al., 1988; Ono et al., 1989). At the same time, typical PKCs lack the above mentioned

PB1 domain (Moscat and Diaz-Meco, 2000). Interestingly, aPKC has largely been shown to

localize strongly to the base of the primary cilia (Drummond et al., 2018), tight junctions

(Gopalakrishna et al., 2007), plasma membrane (Dong et al., 2020), intermediately in the

cytoplasm and weakly in the nucleus (Sabherwal et al., 2009).

Figure 1.5. The structures of classical and atypical PKCs. Both classical and atypical PKCs

carry a pseudosubstrate motif, a ATP binding site, a substrate binding motif and several

interspersed variable regions. aPKC also has a protein-interaction domain PB1 and an atypical

C1 domain for phospholipid binding while classical PKCs have binding sites for DAG and Ca2+.
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PKCζ and PKCλ/ι are important for several physiological processes including polarity and

signaling. Both aPKCs display roughly 72% conservation at the amino acid level with the

highest homology in the catalytic domain (Reina-Campos et al., 2019). PKCλ/ι is ubiquitously

present in all tissues whereas PKCζ shows higher expression in the brain, lungs, and testes. As

a result, mice lacking PKCζ are largely normal but those lacking PKCλ/ι are often embryonically

lethal (Leitges et al., 2001; Soloff et al., 2004).

In normal physiological contexts, aPKC controls cell survival by phosphorylation of Rel-like

domain-containing proteins (RELA) and regulation of inhibitor of nuclear factor kappa B kinase

(IKK) activity, leading to the activation of Nuclear factor kappa B (NF-κB) (Duran et al., 2003;

Leitges et al., 2001). In the context of asthma and hepatitis, aPKC contributes to the activation

of transcription factors in T-helper cell type 2 (such as Nuclear factor of activated T-cells 1,

GATA binding protein 3, and NF-κB) while functioning in Interleukin-4 signal transduction via the

Janus kinase 1/Signal transducer and activator of transcription 6 (JAK1/STAT6) pathway . In

aPKC-deficient livers, STAT6 is activated due to severely reduced NF-κB activation, leading to

liver injury. Additionally, loss of aPKC inhibits asthma development due to loss of Th2

differentiation, leading to absence of Th2 cytokine-mediated asthma symptoms (Cannons et al.,

2004; Durán et al., 2004; Marsland et al., 2004; Martin et al., 2002; Martin et al., 2005;

Salek-Ardakani et al., 2004).

aPKC also functions as an essential polarity protein by phosphorylating and neutralizing the

conserved serine residues on other polybasic, positively charged domains of other polarity

proteins such as Lhl, Numb, and Miranda (Bailey and Prehoda, 2015; Dong et al., 2015). In

addition, aPKC binds to the PB1 domain on polarity protein Par6. The aPKC-Par6 complex

associates with the GTPase Cdc42 and PDZ protein Par3 at the primary cilium, possibly via

interaction with Sec10 to influence ciliogenesis (Morais-de-Sá et al., 2010; Wirtz-Peitz et al.,
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2008; Zuo et al., 2011). But the exact connection between these proteins and primary cilia

formation is not yet delineated.

In developing embryos, aPKC phosphorylates Drosophila and C. elegans polarity proteins

Par1/Par2 to exclude these proteins from the anterior cortex. During symmetry breaking, aPKC

phosphorylation of Par2 is interrupted by nucleating microtubules, allowing phosphorylation of

Par3 and leading to the exit of aPKC-Par3 complex from the cortex (Doerflinger et al., 2010;

Hao et al., 2006; Motegi et al., 2011). In mammalian epithelial cells, aPKC phosphorylation

enables PAR1 to bind PAR5 at tight junctions, leading to PAR1 dissociation from the lateral

membrane (Suzuki et al., 2004). In MDCK cells, apical aPKC phosphorylates Pins at Ser401 to

exclude Pins from the apical cortex and ensure correct formation of mitotic spindles as well as

mitotic plane of division (Hao et al., 2010).

aPKCs are highly dysregulated in cancers. According to The Cancer Genome Atlas, thePRKCI

and PRKCZ genes that respectively encode PKCλ/ι and PKCζ are amplified in over 50% of

cancer types with the exceptions of PRKCI downregulation in skin cutaneous melanomas and

PRKCZ downregulation in brain, lung, and testicular tumors. Across all samples reported,

PRKCI and PRKCZ are respectively altered in nearly 6% and 2%, with most mutations falling

within the catalytic domain (Reina-Campos et al., 2019). In mice, conditional knockout of aPKC

in hematopoietic compartment diminished BCR-ABL-positive cells and concomitantly impair the

MEK/ERK pathway (Nayak et al., 2019). Studies in leukemia cell lines confirm upregulation of

aPKC by oncogenic BCR-ABL (Murray and Field, 1997). In other cancers, such as prostate,

non-small cell carcinoma, and glioblastoma, aPKC is also upregulated and is thought to play the

tumor-promoting role (Baldwin et al., 2006; Jin at el., 2005; Win and Acevedo-Duncan, 2008).

Yet, when constitutively active aPKC is overexpressed in mice, tumorigenesis was not induced

(Murray et al, 2004), negating its proposed role as an oncogene. These discrepancies suggest
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that aPKC may act as a tumor enhancer instead of a tumor initiator.

In BCCs, aPKC protein expression is significantly increased with even higher enhancement in

SMOi-resistant cases (Atwood et al., 2013). In vitro kinase assay showed that aPKC can directly

phosphorylate the HH pathway effector GLI1 at ser243 and ser304 residues (Atwood et al.,

2013). At the same time, as aPKC polarity protein complex colocalizes at the primary cilia where

HH signals transduce, it is highly possible that aPKC regulates ciliogenesis to assert its function

on GLI1 and maintain downstream HH signaling in SMOi-treated cells.

Protein Kinase A and HH Pathway Effectors

Protein kinase A (PKA) was first identified by Edmond Fischer and Edwin Krebs through their

work on phosphorylation and metabolism of glycogen phosphorylase (Fischer and Krebs, 1955).

At that time, PKA was called phosphorylase kinase but was quickly found to be dependent on

cyclic adenosine monophosphate (cAMP) for activation (Krebs et al., 1959; Rall et al., 1956;

Sutherland and Rall, 1958), earning its new name, cAMP-dependent protein kinase. In 1968,

PKA was purified (Walsh et al., 1968) and became the subject of investigation by several labs.

PKA is a serine/threonine kinase that phosphorylates a wide range of substrates depending on

its subcellular localization governed by its anchoring regulatory (R) subunits and other

dual-specific A kinase anchoring proteins (AKAP) (Lohmann et al., 1984; Sarkar et al., 1984;

Taskén and Aandahl, 2004; Theurkauf and Vallee, 1982). In its inactive state, PKA exists as

holoenzymes with two catalytic (C) subunits bound to one R-subunit dimer (Krebs and Beavo,

1979; Taylor et al., 1990). Binding of R dimer inhibits C monomers. Each R subunit contains 2

binding sites for cAMP designated as A site and B site. Inactive holoenzymes only expose their

B sites which binds available cAMP to promote exposure and binding of cAMP to the A sites,
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conformationally dissociating the R dimer and allowing the two C monomers to become

catalytically active (Kopperud et al., 2002; Smith et al, 1999; Taylor et al., 1999).

Figure 1.6. The activation of PKA. In its inactive state, PKA exists as holoenzymes with each

of its two catalytic subunits (C) bound to a dimer of regulatory subunits (R) tethering in a

complex with A-kinase anchoring proteins (AKAP). When present, cyclic AMPs bind to the R

dimers and trigger a conformational change in the R subunits, leading to dissociation and

activation of the C subunits which can now catalyze PKA’s substrates.

PKA isozymes are classified as type I and type II based on their respective RI or RII subunit.

Four R subunits have been identified: RIα, RIβ, RIIα, and RIIβ (Clegg et al., 1988; Jahnsen et

al., 1986; Lee at al., 1983; Levy et al., 1988; Oyen et al., 1989; Sandberg et al., 1987; Scott et

al., 1987; Solberg et al., 1991), of which RIα has been shown to have alternative splice variants

(Solberg et al., 1999). Four C subunits have also been reported: Cα, Cβ, Cγ, and PRKX (Beebe

et al., 1990; Reinton et al., 1998; Showers and Maurer, 1986; Uhler et al., 1986; Uhler et al.,

1986b; Zimmermann et al., 1999), of which Cα and Cβ contain alternatively spliced transcripts

(Reinton et al., 2000; Shoji et al., 1981; Showers and Maurer, 1986; Soberg et al., 2013; Taskén

et al., 1996; Uhler and McKnight, 1987). Heterotetrameric PKA holoenzymes have different

activation thresholds due to the different cAMP binding affinities of R subunits with PKA type I

displaying a Kact that is 4 times lower than that of PKA type II (Dostmann and Taylor, 1991).
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PKA-specific phosphorylation regulates diverse cellular processes, including sympathetic

cardiac stimulation (Liao et al., 2010; Nichols et al., 2010), pancreatic insulin release (Kaihara et

al., 2013), glycogen metabolism (Yang and Yang, 2016), ocular lens transparency (Gold et al.,

2012), short-term memory storage and synaptic plasticity (Kandel, 2012), and steroid hormone

synthesis (Aumo et al., 2009). In recent years, PKA has been implicated in cancer development

ranging from endocrine tumors (Kirschner et al., 2000), lung cancers (Porter et al., 2001),

colorectal cancers (Löffler et al., 2008), adrenocortical carcinomas (Mantovani et al., 2008),

prostate cancers (Neary et al., 2004), and glioblastoma multiforme (Chen et al., 1998). The

cAMP/PKA pathway has been demonstrated to have different effects in different tissues. For

instance, in renal glands (PC12 cells) and testis (sertoli cells), cAMP/PKA activates growth

(Boulogne et al., 2003;Vossler et al., 1997). Yet, in adipose tissues (adipocytes) and fibroblasts

(NIH3T3 cells), cAMP/PKA inhibits growth (Chen and Iyengar, 1994; Sevetson et al., 1993).

In recent years, the HH pathway has emerged as a new target of the cAMP/PKA pathway

(Waschek et al.,  2006), possibly through the anchoring of AKPAs at the centrosomes

(Sillibourne et al., 2002) where the stability of AKPAs has been found to depend on the cell

cycle (Landsverk et al., 2001). In fact, PKA downregulates HH signaling by phosphorylating and

inhibiting SUFU and Ci/GLI proteins (Chen et al., 201; Montagnani and Stecca, 2019) or

upregulates HH signaling by phosphorylating and activating GPCR SMO (Jia et al., 2004). In

Drosophila, PKA phosphorylates Ci to facilitate subsequent phosphorylation by GSKβ3 and

CK1, thereby promoting ubiquitination followed by complete or partial proteasomal degradation

of Ci (Chen et al., 2011; Jia et al., 2002; Price and Kalderon, 2002). Incomplete processing of Ci

produces the repressor form of Ci (CiR). In vertebrates, PKA has been shown to regulate GLI2

and GLI3 in the same manner as Ci (Aza-Blanc et al., 2000; Niewiadomski et al., 2013; Pan et

al., 2006;  Pan et al., 2009; Price and Kalderon, 1999; Wang et al., 1999). Yet, whether the

same regulatory mechanisms apply to GLI1 remains elusive.
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Summary

The aim of this dissertation is to contribute to the understanding of drug resistance mechanisms

in basal cell carcinomas (BCC). In Chapter 2, we explored the interaction between aPKC and

the primary cilia in the context of BCC and drug resistance. We found that overactivation of

aPKC in the absence of primary cilia maintained HH pathway activity and conferred resistance

to Vismodegib in vitro. In Chapter 3, we took a step-by-step approach to evaluate the effects of

PKA-specific phosphorylation on GLI1. We reported, for the first time, that phosphorylation at all

PKA-phosphosites on GLI1 triggered a partial proteasomal degradation of GLI1 while loss of

such phosphorylation at various degrees promoted GLI1 activity and HH signaling in cell lines

and BCC allografts. Our collective findings implicated aPKC overactivation and loss of

PKA-phosphorylation on GLI1 as potential drug resistance mechanisms in BCCs and led us to

propose the use of aPKC inhibitors and/or GLI inhibitors as alternative pharmacotherapies in

appropriate BCC cases.
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Summary 

Primary cilia loss is a common feature of advanced cancers. While primary cilia are necessary 

to initiate Hedgehog (HH)-driven cancers, how HH pathway activity is maintained in advanced 

cancers devoid of primary cilia is unclear. Here, we find that mutations in the Alström and Usher 

syndrome genes are significantly increased in advanced and SMO inhibitor-resistant BCC 

tumors. Loss of Alström and Usher syndrome gene expression, which are common underlying 

causes of deafness and blindness, suppresses ciliogenesis and HH signaling. We also find that 

atypical protein kinase C iota/lambda (aPKC) is highly expressed in advanced BCCs. 

Overexpression of constitutively active aPKC isoform (aPKC-K) can maintain HH pathway 

activity in the absence of the primary cilia and can drive resistance to the SMO-antagonist 

vismodegib regardless of cilia status. Additionally, we demonstrate a mutual inhibitory 

relationship between aPKC activation and ciliogenesis in vitro and in vivo. Of note, superficial 

BCCs display less primary cilia and higher aPKC expression while nodular BCCs show an 

inverse correlation. Our results suggest that aPKC may serve as a biomarker for SMO inhibitor 

sensitivity and a target for clinical application. 
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Introduction 

The primary cilium is a non-motile, microtubule-based signaling and sensing organelle that 

emanates from most mammalian cells after exit from mitosis (Satir et al. 2010). Primary cilia 

house proteins that transduce many signals needed for embryonic development and adult 

homeostasis, including the Hedgehog (HH) pathway. Alterations in the signaling or structural 

components of the cilia have been implicated in multiple ciliopathies and cancers, such as basal 

cell carcinoma (BCC) (Hildebrandt et al. 2011). BCCs are locally invasive epithelial tumors that 

afflict nearly 4 million people in the United States annually (Nguyen et al. 2019). BCCs require 

sustained overactivation of HH signaling for growth; yet, some tumors paradoxically lose primary 

cilia during later stages while maintaining HH pathway activation (Atwood et al. 2015; Kuonen et 

al. 2019). Loss of primary cilia can also occur in advanced or metastatic breast cancer (Yuan et 

al. 2010), renal cancer (Schraml et al. 2009), prostate cancer (Hassounah et al. 2013), 

pancreatic cancer (Seeley et al. 2009), and melanoma (Kim et al. 2011), indicating a 

wide-spread issue in late-stage cancers that are not well understood. 

 

In vertebrates, the HH signaling pathway is essential for embryonic development (Varjosalo and 

Taipale 2008) and regulates proliferation, migration, angiogenesis, and stem cell regeneration in 

adult tissues (Zheng et al. 2010). Vertebrate HH signals through the primary cilium by shutting 

down the cholesterol transporter PTCH1, allowing activation of the G-protein coupled receptor 

SMO and the transcription factor GLI2, which transcribes HH target genes including the signal 

amplifier GLI1 (Zhang et al. 2018). Inappropriate HH pathway activation drives BCC initiation 

and progression, mostly through mutations that inhibit PTCH1 (~70%) or activate SMO (~20%) 

(Bonilla et al. 2016). Loss of primary cilia typically leads to attenuation of HH signaling, however 

concomitant activation of GLI2 can accelerate BCC tumorigenesis (Han et al. 2009; Wong et al. 

2009) in a process not well understood.  
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The majority of advanced BCC patients either acquire or are innately resistant to SMO 

antagonists. Roughly half of drug-resistant BCC patients harbor SMO mutations that either 

block drug binding or render SMO constitutively active (Atwood et al. 2015; Sharpe et al. 2015), 

whereas the mechanism that drives the other half of drug-resistant BCCs is unclear. Recently, 

we observed an increase in mutations of cilia-associated genes that resulted in disrupted 

primary cilia and possibly allowed a small percentage of BCCs to convert to squamous cell 

carcinomas (SCCs) by shutting down the HH pathway and increasing the RAS/MAPK pathway 

to confer resistance to SMO inhibitors (SMOi) (Kuonen et al. 2019). These converted SCCs are 

sensitive to MAPK inhibitors but represent a small percentage of the total resistant BCCs which 

largely maintain HH pathway activation (Atwood et al. 2015). 

 

In this study, we find that loss of highly mutated cilia-associated genes inhibits primary cilia and 

attenuates HH pathway activation. Loss of primary cilia results in higher aPKC expression, 

which normally serves to restrict ciliogenesis (Drummond et al. 2018). Expression of an aPKC 

isoform that only contains the kinase domain (aPKC-K) promotes HH signaling in the presence 

or absence of primary cilia and can confer resistance to vismodegib, suggesting that this 

isoform is the oncogenic driver of in vivo HH signaling. Finally, superficial BCC tumors show a 

decrease in primary cilia and concomitant increase in aPKC expression, which is inversely 

correlated to nodular BCC subtype, suggesting aPKC may serve as a biomarker for SMO 

inhibitor sensitivity and a target for combination therapies.  
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Results 

Alström and Usher syndrome gene disruption suppresses primary cilia and HH signaling 

We previously reported that 303 cilia-specific genes comprising the SYSCILIA list (van Dam et 

al. 2013) had significantly lower mutation rates in human BCCs compared to genome-wide 

mutation rates (Bonilla et al. 2016; Kuonen et al. 2019). However, many SMOi-resistant tumors 

displayed clonal loss of primary cilia (Kuonen et al. 2019), suggesting that some of the 

cilia-specific genes may be mutated more than normal. When we analyzed 161 cilia-specific 

genes that contained at least one mutation in SMOi-resistant human BCCs (Atwood et al. 2015), 

we found a subset of highly mutated genes in drug-resistant BCCs compared to drug-sensitive 

and normal aged skin (Figure 2.1A). PTCH1, a negative suppressor of the HH pathway, is 

highly mutated as expected. ALMS1, which encodes a centrosomal protein mutated in Alström 

syndrome (Hearn 2019), is the most highly mutated gene in SMOi-resistant BCC. Interestingly, 

four Usher syndrome-related genes, which are a major cause of deaf-blindness in humans 

(Géléoc and El-Amraoui 2020), are overrepresented in the top 11 most mutated genes. Not 

known to cause defects in primary cilia or HH signaling, Usher Type 1 proteins (CDH23, 

MYO7A, PCDH15, USH1C, and USH1G) connect the apical tips of hair bundle stereocilia to 

each other whereas Usher Type 2 proteins (GPR98, PDZD7, USH2A, and WHRN) connect the 

basal portion of these stereocilia. To determine differences in mutation rate of Usher syndrome 

genes to the rest of the genome, we utilized both SMOi-resistant human BCCs (Atwood et al., 

2015) and Gorlin syndrome BCCs (Chiang et al. 2018). When we compare Usher Type 1 and 2 

genes, we observe significant increases in mutation rates from Gorlin, drug-sensitive, and 

drug-resistant BCCs, whereas normal aged skin or patient-matched blood samples do not 

change or decrease, respectively (Figure 2.1B). A significant increase in Usher Type 1 and 2 

gene mutations was also observed in human medulloblastomas compared to their baseline 

genome-wide mutation rate (Figure 2.1C–D; Northcott et al. 2017). These data suggest that 
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highly mutated ciliopathy-associated genes from Alström and Usher syndromes may be the 

underlying cause of primary cilia loss in advanced cancer. 

 

Figure 2.1. Ciliary  genes are highly mutated in SMOi-resistant BCCs. (A) 161 mutated 

ciliary genes from exome sequencing of normal (n=7), SMOi-sensitive (n=4), and 

SMOi-resistant (n=11) advanced BCCs. (B) Mutations per megabase (Mb) of Usher syndrome 

genes versus background in blood (n=25), normal aged skin (n=7), Gorlin syndrome BCCs 

(n=21), SMOi-sensitive BCCs (n=13), and SMOi-resistant BCCs (n=11). (C) Chart depicting 

Usher syndrome gene mutations from 434 human medulloblastoma patients (Northcott et al. 

2017). (D) Table depicting mutations per megabase (Mb) from 434 human medulloblastomas. 

Significance determined by chi-squared test.  
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Despite clonal loss of primary cilia in many advanced and drug-resistant human BCC, these 

tumors still maintain HH target gene induction (Atwood et al. 2015; Kuonen et al. 2019). To 

explore the possibility that disrupting expression of Alms1 and Usher genes positively influences 

primary ciliogenesis and HH signaling, we used shRNA to knock down (KD) expression of each 

gene in HH-responsive NIH3T3 murine fibroblasts (Figures 2.2A–B). We used Kif3a KD as a 

positive control as KIF3A is known to be required for primary ciliogenesis and HH signaling 

(Huangfu et al. 2003; Marszalek et al. 1999; Takeda et al. 1999). As expected, Kif3a KD 

resulted in loss of primary cilia, a reduction in axoneme length, and suppressed HH signaling 

compared to a scramble shRNA control (Figures 2.2C–F). Alms1 KD phenocopied Kif3a KD, 

despite the reported normal ciliogenesis in Alms1-/- mice (Collin et al. 2005) and in primary 

human fibroblasts cultured from Alström syndrome patients (Chen et al. 2017). Alms1 is a basal 

body protein that may control trafficking of vesicles into and out of the primary cilium and the 

Alms1-/- mice show many of the hallmarks of classical ciliopathies where cilia function is 

disrupted (Collin et al. 2005). Our results suggest that acute loss of Alms1 expression, similar to 

what occurs in BCC tumors, may be compensated for in a different manner than the 

developmental context, a phenomenon previously observed with the Mtss1 gene (Bershteyn et 

al. 2010; Brown et al. 2018). Despite not previously linked to primary cilia or HH signaling, KD of 

Usher Type 1 genes Cdh23 and Pcdh15 or Usher Type 2 genes Gpr98 and Ush2a also resulted 

in ciliary loss, reduced axoneme length, and diminished HH signaling compared to scrambled 

shRNA control (Figures 2.2C–F). To rule out a cell-type specific role in primary ciliogenesis and 

HH signaling, we used ASZ001 murine BCC cells to knock down gene expression and found 

comparable reductions in both HH activity and ciliation (Figures 2.2G–J). In addition, 

conditional Ift88 knockout in the Ptch1fl/fl ; Krt14-CreERT mouse BCC model prevents epidermal 

hyperproliferation (Figure 2.3A–B), consistent with previous results (Wong et al. 2009). These 

data suggest that disruption of Alström and Usher syndrome genes prevents the maintenance of 

HH signaling.  
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Figure 2.2. Alström and Usher syndrome genes are necessary to maintain primary 

ciliogenesis and HH signaling. (A-B) shRNA-mediated knockdown of the indicated genes in 

NIH3T3 cells (A) or ASZ001 cells (B), n ≥ 3. (C, G) Representative immunofluorescent images, 

(D, H) percentage (%) of ciliated cells, (E, I) average axoneme length, and (F, J) Gli1 mRNA 

levels of shRNA (sh)-mediated knockdown (KD) in NIH3T3 or ASZ001 cells and stained for the 

indicated markers. n ≥ 3. dR, delta reporter signal. Scale bar 10 µm. Error bars represent SEM; 

significance was determined by unpaired two-tailed t test (*, p<0.05; **, p<0.01; ***, p<0.001). 

 

Figure 2.3. Ift88  conditional knockout suppresses epidermal hyperproliferation in a BCC 

mouse model. (A) H&E staining in human interfollicular epidermis and hair follicle. (B) 

Quantification of GLI1 immunofluorescence staining. n = 3 independent samples. Box 

represents 25th to 75th percentiles. Whiskers represent minimum and maximum data points. Bar 

represents mean. Significance was determined by unpaired two-tailed t test (***, p<0.001). 
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Constitutively active aPKC isoform promotes HH signaling 

To explore the idea that a second event is necessary to maintain HH signaling in the absence of 

primary cilia, we narrowed our focus to the GLI transcription factors. Previous work indicated 

that primary cilia loss combined with activated GLI2, but not activated SMO, accelerated BCC 

(Wong et al. 2009) and medulloblastoma (Han et al. 2009) tumor growth. As GLI1/GLI2 somatic 

copy number alterations are seen in only 8% of human BCCs and would not apply to most 

advanced and drug-resistant tumors (Bonilla et al. 2016), we instead explored whether aPKC 

overexpression could promote HH signaling. We previously reported that aPKC was significantly 

overexpressed in a majority of sporadic and SMO antagonist-resistant human BCCs (Atwood et 

al. 2013), although its gain-of-function role to promote HH signaling was not tested. To examine 

the role of aPKC overexpression on HH pathway activation, we overexpressed an 

mApple-tagged full-length wild-type isoform of aPKC (aPKC-FL) or the mApple-tagged kinase 

dead variant (aPKC-KD) in NIH3T3 cells but did not observe changes in HH signaling as 

measured by Gli1 mRNA levels in the presence of Shh-CM (Figure 2.4A–B). Interestingly, the 

mApple-tagged constitutively active isoform of aPKC where the regulatory amino-terminal 

domain is truncated (aPKC-K; amino acids 235-587), significantly increased HH signaling 

(Figure 2.4A). The aPKC-K isoform, otherwise known as PKM, plays an important role in 

long-term memory potentiation (Tsokas et al. 2016). To determine whether this isoform is 

present outside of brain tissue, we performed western blots of a variety of cell types and 

observed both endogenous aPKC-FL and aPKC-K isoform expression in primary human 

keratinocytes, human embryonic kidney 293T cells, mouse NIH3T3 fibroblasts, and mouse 

ASZ001 BCC cells using an antibody that recognizes the kinase domain of aPKC (Figure 2.4C). 

We also observed both endogenous aPKC-FL and aPKC-K isoform expression in western blots 

of the normal human breast epithelial cell line MCF10 and multiple human breast cancer cell 

lines (Figure 2.4D). In addition, both endogenous bands are reduced upon aPKC KD (Figure 

2.4E). Finally, when we quantify reads per exon within the PRKCI gene from advanced human 
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BCCs (Atwood et al. 2015), we observed more reads within exons 9-18 (corresponding to 

aPKC-K) than within exons 1-8 (corresponding to the regulatory region) (Figure 2.4F–G). 

 

To verify that aPKC is highly active in human BCCs, we took a bioinformatics approach and 

inferred an aPKC-specific gene signature list from RNA-seq analysis of BCC cells treated with 

aPKC or SMO antagonist (Atwood et al., 2013). The vast majority of differentially expressed 

transcripts are common between the two inhibitors, with 5% of transcripts unique to aPKC 

antagonist and 10% unique to SMO antagonist (Data not shown). We then compared each gene 

list to RNA-seq datasets of 14 tumor-normal pairs of advanced BCCs (Atwood et al. 2015) and 

found 34 aPKC-specific, 76 SMO-specific, and 736 commonly shared transcripts that were 

differentially expressed by two-fold or more (Figure 2.4H). Two-thirds of each gene list showed 

significant increases in gene expression compared to the matched normal sample. Upregulated 

genes in the aPKC-specific response correspond to cell cycle, cancer-related pathways, and the 

ciliary landscape according to WikiPathways analysis (Slenter et al. 2018) (Figure 2.4I). Notable 

genes include the MCM genes and their downstream target UBEC2, which are involved in the 

transcriptional control of ciliogenesis and centrosome amplification (Casar Tena et al. 2019). 

These results suggest the aPKC-K isoform may serve as an oncogene to activate the HH 

pathway. 
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Figure 2.4. aPKC-K isoform promotes HH signaling. (A) Gli1 mRNA levels of NIH3T3 cells 

overexpressing the indicated constructs with conditioned media (CM) or Shh-CM. n ≥ 5. dR, 

delta reporter signal. mA, mApple. FL, full-length. K, kinase. KD, kinase dead. (B) Western blots 

of NIH3T3 cells overexpressing the indicated aPKC constructs. Top blot: C-terminal aPKC 

antibody. (C-D) Western blots of the indicated cell lines. hKera, primary human keratinocyte. (E) 

Western blot of aPKC sh-mediated knockdown. (F) Normalized reads per exon of the PRKCI 

gene from 14 advanced human BCCs. Data normalized to read length. (G) Total normalized 

reads per region of the PRKCI gene. (H) aPKC signature gene expression. (I) Wikipathways 

analysis of upregulated aPKC-specific genes. For box and whisker plots: box represents 25th to 

75th percentiles; whiskers represent minimum and maximum data points; bar represents mean. 

For bar plot: error bars represent SEM. Significance was determined by unpaired two-tailed t 

test (***, p<0.001). kD, kilodalton.  
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aPKC and primary cilia mutually inhibit each other 

We previously reported that loss of aPKC in multiple cell lines result in longer axoneme lengths 

and an increase in ciliated cells (Atwood et al. 2013; Drummond et al. 2018). These effects also 

occur in vivo as allografted murine BCCs generated from Ptch1+/-; Trp53flox/flox; Krt14-Cre-ER2 

mice (Atwood et al. 2013; Wang et al. 2011) treated with the aPKC-specific inhibitor PSI showed 

a significant increase in the number of ciliated cells and axoneme length in PSI-treated samples 

(Figure 2.5A–C). Moreover, close examination of each tumor sample regardless of treatment 

revealed differential aPKC expression within each sample, with higher aPKC expression 

coinciding with lower ciliation and lower expression coinciding with higher ciliation (Figure 

2.5D–E).  

 

To further define the association between ciliogenesis and aPKC expression, we overexpressed 

either aPKC-FL or aPKC-K in NIH3T3 cells and found a reduction in primary cilia (Figure 

2.5F–G). On the other hand, when primary cilia are disrupted by Kif3a-, Gpr98-, or 

Cdh23-mediated KD, aPKC protein expression is significantly increased (Figure 2.5H–J). 

Although the mechanism of cilia-dependent regulation of aPKC is unclear, primary cilia have 

been shown to promote autophagy (Pampliega et al. 2013; Tang et al. 2013), a highly 

conserved process to degrade proteins and organelles through the lysosome (Pampliega and 

Cuervo 2016). When we assayed Kif3a KD cells, we found that the mechanistic target of 

rapamycin protein (Mtor) was significantly decreased along with the autophagy marker LC3a/b 

(Figure 2.5K–L), suggesting that loss of mTOR-mediated autophagy (Wang et al. 2015) may 

stabilize aPKC protein. The proliferative marker Mki67 was also significantly decreased (Figure 

2.5K–L), suggesting that loss of primary cilia does not increase cell proliferation. Altogether, 

these results indicate that aPKC and primary cilia mutually inhibit each other and suggest that 

the increase in aPKC expression in advanced human BCCs may contribute to cilia loss through 

a decrease in autophagy. 
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Figure 2.5. aPKC and primary cilia mutually inhibit each other. (A) Immunofluorescence of 

DMSO- or PSI-treated allograft BCCs. Scale bar, 10 µm. tx, treatment. (B–C) Quantification of 

ciliated cells (B) and axoneme length (C). %, percentage. (D–E) Immunofluorescence (D) and 

quantification (E) of adjacent regions in an allograft BCC Scale bar, 10 µm. White dotted square: 

ciliated section. Yellow dotted square: section without cilia. n = 9. (F–G) Immunofluorescence 

(F) and quantification (G) of ASZ001 cells expressing the indicated constructs. Scale bar, 30 

µm. mA, mApple. FL, full-length. K, kinase. (H–J) Western blot (H–I) and quantification (J) of 

NIH3T3 cells with the indicated shRNAs, n = 4. (K-L) Western blot (K) and quantification (L) of 

NIH3T3 cells infected with Kif3a shRNA. kD, kilodalton. Error bars represent SEM; significance 

was determined by unpaired two-tailed t test (B-C, G, J, L) or paired two-tailed t test (E) (*, 

p<0.05; **, p<0.01; ***, p<0.001).  
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aPKC activity maintains HH signaling and promotes Vismodegib-resistance 

To characterize the role of aPKC and primary cilia in resistance to SMO antagonists, we treated 

NIH3T3 and ASZ001 cells stably expressing aPKC-K or a vector control with the SMO 

antagonist vismodegib. Control cells showed a significant reduction in Gli1 mRNA levels upon 

treatment with vismodegib as expected (Figure 2.6A–B). However, aPKC-K expression showed 

a significant increase in HH target gene induction and was able to maintain Gli1 mRNA levels 

when treated with vismodegib at levels significantly above control cells treated with DMSO 

(Figure 2.6A–B), suggesting that aPKC activity can partially promote drug resistance. 

Disruption of primary cilia through shRNA-mediated KD of Kif3a, Cdh23, and Gpr98 all showed 

a reduction in Gli1 mRNA levels that was unaffected by vismodegib treatment (Figure 2.6C). 

Intriguingly, aPKC-K expression in KD cells significantly elevated HH target gene induction 

above control cells treated with DMSO and addition of vismodegib did not further reduce Gli1 

mRNA levels (Figure 2.6C). These results suggest that high aPKC-K activity can maintain HH 

pathway activity in the presence or absence of primary cilia. 

 

To explore aPKC in another HH-dependent cancer, we compared aPKC (PRKCI) and GLI1 

expression in human medulloblastomas and found a significant positive correlation across 223 

medulloblastoma samples (Figure 2.6D; Northcott et al., 2017). To determine whether aPKC or 

Gli1 expression contributed to vismodegib resistance in medulloblastoma, we analyzed single 

cell RNA-sequencing data from vismodegib-treated and vehicle-treated medulloblastoma 

tumors in mice (Ocasio et al. 2019). With over 30,000 cells from 10 tumors, we found that Gli1 

expression is reduced in vismodegib-treated tumors as expected (Figure 2.6E). However, aPKC 

expression is maintained in vismodegib-resistant tumors (Figure 2.6E), suggesting that aPKC 

may also contribute to drug resistance in HH-responsive medulloblastoma. 
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Figure 2.6. aPKC isoform confers vismodegib resistance. (A-B) Gli1 mRNA levels of 

NIH3T3 (A) or ASZ001 cells (B) expressing the indicated constructs and treated with DMSO or 

100nM vismodegib. n ≥ 3. dR, delta reporter signal. mA, mApple. K, kinase. CM, conditioned 

media. tx, treatment. (C) Gli1 mRNA levels of NIH 3T3 cells expressing mApple or 

mApple-aPKC-K containing the indicated shRNAs (sh) and treated with DMSO or 100nM 

vismodegib. n ≥ 3. Black stars: p values compared to mApple scramble sh DMSO control. Blue 

stars: p values compared to internal mApple controls. Error bars represent SEM; significance 

was determined by unpaired two-tailed t test (*, p<0.05; **, p<0.01; ***, p<0.001). (D) Correlation 

between PRKCI and GLI1 expression. Gender and medulloblastoma subgroup listed at the 

bottom. Samples ordered by PRKCI expression. n = 223 human medulloblastoma samples 

(Northcott et al. 2017). R value is 0.218. p = 0.00106. (E) Single cell RNA-sequencing of 
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vehicle-treated or vismodegib-treated mouse medulloblastomas with the indicated gene 

expression. n = 10 tumors (Ocasio et al. 2019). CGNP, cerebellar granular neural precursors. 

FB, fibroblast. 

 

BCC subtypes display differential ciliation, aPKC expression, and HH signaling 

Recent work suggests that residual mouse BCC tumors that regrow after cessation of 

vismodegib treatment transition from a drug-sensitive hair follicle gene expression signature to a 

drug-resistant interfollicular epidermal signature (Biehs et al. 2018; Sanchez-Danes et al. 2018). 

To explore whether aPKC and primary cilia may participate in this resistance, we quantified 

primary cilia and aPKC expression in nodular and superficial human BCC subtypes. Nodular 

BCCs are thought to arise from hair follicles (Grachtchouk et al. 2011); whereas superficial 

BCCs arise from the interfollicular epidermis (Tan et al. 2018). Our results showed significantly 

higher primary ciliogenesis in nodular BCCs compared to superficial tumors (Figure 2.7A–B). At 

the same time, the average expression of total aPKC and activated aPKC (phosphorylated at 

T410) proteins were significantly lower in nodular BCCs than in superficial tumors (Figure 

2.7C–E). Similarly, total GLI1 and activated GLI1 (phosphorylated at T304 by aPKC) were also 

significantly reduced in nodular BCCs (Figure 2.7C, F–G). This is somewhat unexpected given 

that hair follicles typically show greater HH target gene induction than interfollicular epidermis, 

which is an observation we confirm (Figure 2.8) and suggests that superficial tumors require 

more HH activation to grow than nodular tumors. Altogether, these results suggest that 

superficial BCCs may be more resistant to SMO antagonist therapy and that aPKC activity 

combined with loss of primary cilia may contribute to an interfollicular epithelial state that 

promotes BCC drug resistance. 
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Figure 2.7. aPKC and primary ciliogenesis inhibit each other in BCC subtypes. (A) 

Immunofluorescence image of superficial and nodular human BCCs with the indicated markers. 

Scale bar, 50 µm. (B) Quantification of ciliated cells for experiment in (A), n ≥ 4 tumors. (C) 

Superficial or nodular human BCCs stained with the indicated antibodies. Scale bar, 50 µm. 

(D–G) Quantification of tumor immunofluorescence from experiment in (C), n ≥ 4 tumors. Error 

bars represent SEM; significance was determined by unpaired two-tailed t test (*, p<0.05; **, 

p<0.01; ***, p<0.001). 
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Figure 2.8. GLI1 expression is higher in hair follicles. (A) GLI1 immunofluorescence staining 

in human interfollicular epidermis and hair follicle. (B) Quantification of GLI1 

immunofluorescence staining. n = 3 independent samples. Box represents 25th to 75th 

percentiles. Whiskers represent minimum and maximum data points. Bar represents mean. 

Significance was determined by unpaired two-tailed t test (***, p<0.001). 
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Discussion 

The HH signaling pathway is the driving force in BCC formation and maintenance (Epstein 

2008), which is heavily dependent on intact primary cilia (Satir et al. 2010). Yet, HH signaling 

remains elevated in many advanced BCCs where primary cilia are significantly disrupted. How 

Alström and Usher syndrome genes regulate primary ciliogenesis and HH signaling are unclear. 

ALMS1 has been identified through AP-MS studies as a possible binding partner of GPRASP2, 

a G-protein coupled receptor-associated sorting protein, that has been implicated in SMO ciliary 

translocation (Jung et al. 2016). PCDH15 localization to kinocilia is dependent on FGFR1 

activity (Honda et al. 2018), an interesting connection given that FGFR regulates GLI1 

expression downstream of SMO in medulloblastomas (Neve et al. 2019). In addition, USH2A 

and PCDH15 can both bind directly to GBX2 (Roelseler et al. 2012), a HH-responsive protein in 

thalamic differentiation (Szabó et al. 2009). Moreover, CDH23 is a Dachsous-like protein that 

may regulate HH signaling given that Dally and Dally-like, the downstream targets of tumor 

suppressor Dachsous, have been shown to modulate the HH signaling pathway in Drosophila 

(Williams et al. 2010).  

 

Ciliogenesis is essential to maintain cellular homeostasis, specifically to facilitate proper 

signaling of the HH, WNT, NOTCH, Hippo, PDGFRα, FGF, and other GPCR pathways in certain 

contexts (Wheway et al. 2018). Many of these pathways facilitate tumor growth. So primary cilia 

loss in advanced tumors is unexpected from a mechanistic view and how it benefits tumor 

growth is unclear. Generating primary cilia during the G1 portion of the cell cycle is energetically 

expensive and disruption of this process in certain genetic backgrounds may allow for faster 

cycling of tumor cells, offsetting loss of the cilia-mediated oncogenic signal (Liu et al. 2018). 

This would have to occur after tumor initiation, as our data and others indicate that simultaneous 

loss of primary cilia and the oncogenic event suppresses tumor growth (Wong et al. 2009). A 
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likely order of events in our context would be elevated aPKC expression given that aPKC is a 

HH target gene (Atwood et al. 2013), accumulation of cilia-related gene mutations, and 

subsequent loss of primary cilia. Alternatively, certain oncogenic signals may be restrained by 

primary cilia-mediated signals. aPKC may serve as this type of oncogenic signal as primary cilia 

restrain aPKC expression, which is relieved upon cilia loss. Additionally, these events are likely 

to coincide with SMO mutation accumulation, suggesting an arms race that promotes tumor 

heterogeneity and determines which drug-resistant mechanism dominates. 

 

aPKC is overexpressed in many cancer models including ovarian (Eder et al. 2005), lung 

(Regala et al. 2005), brain (Baldwin et al. 2008), esophagus (Yang et al. 2008), breast (Kojima 

et al. 2008), and pancreatic (Evans et al. 2003) cancers, where it is often tied to its cell polarity 

functions. Here we show that the constitutively active aPKC-K isoform activates HH signaling 

and may serve as an oncogene in BCC. Our data are consistent with previous findings that 

aPKC-K overexpression, but not full-length aPKC, leads to formation of large neuroblast tumors 

in Drosophila larval brains (Lee et al. 2006). aPKC-K does not polarize like its full-length 

counterpart in neuroblasts, suggesting that aPKC-K’s role in HH target gene induction may be 

independent from polarity. The aPKC-K isoform is also required for mouse brain development 

(Hirai et al. 2003) and long-term memory potentiation (Tsokas et al. 2016), indicating critical 

roles for this isoform in the brain. We demonstrate aPKC-K expression in mammalian 

keratinocytes, embryonic kidney cells, normal and cancerous breast cells, fibroblasts, and BCC 

cells, suggesting that aPKC-K may also have essential roles in these tissues.  

 

Recent work showing residual mouse BCC tumors can regrow after cessation of vismodegib 

treatment indicate these tumors transition from a drug-sensitive hair follicle gene expression 

signature to a drug-resistant interfollicular epidermal signature (Biehs et al. 2018; 

Sanchez-Danes et al. 2018). How an interfollicular epidermal signature promotes drug 
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resistance is not clear. We show that nodular BCC tumors, which predominantly form from hair 

follicles, express less aPKC and generate more primary cilia; whereas superficial tumors that 

derive from the interfollicular epidermis express significantly more aPKC and produce less 

primary cilia. This mutual antagonism may provide more cilia-localized SMO in drug-sensitive 

tumors for vismodegib to act upon and less aPKC to maintain HH signaling in presence of drug, 

with the reverse mechanism occurring in drug-resistant tumors. These data suggest aPKC may 

serve as a biomarker for SMO inhibitor sensitivity in clinical samples and may be a useful target 

for future clinical development.  
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Chapter 3

LOSS OF PKA-PHOSPHORYLATION ON
GLI1 PROMOTES BCC
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Summary

Vertebrate PKA directly phosphorylates GLI transcription factors to negatively regulate the

Hedgehog (HH) signaling pathway. Particularly, PKA-phosphorylation of GLI2/GLI3 promotes

formation of C-terminally truncated repressors GLI2R/GLI3R via SCFβTrCP-mediated proteasomal

degradation, leading to transcriptional inhibition of HH target genes. Here, we find that full

PKA-phosphorylation at S544, S560, and S640 on GLI1 can also induce partial processing of

GLI1 to form a C-terminally truncated protein product, challenging the popularly accepted notion

that GLI1 can only be degraded completely. Functional evaluation of individual and

combinatorial PKA-specific phosphosites on GLI1 also suggests that PKA regulates GLI1 in a

graded fashion. Nevertheless, our data imply that full PKA-phosphorylation only induces a loss

of transcriptional activation ability but does not confer a transcriptional repression ability to GLI1,

similar to our results for GLI2R. Lastly, we report several mutations near the PKA-phosphosites

on GLI1 in SMOi-resistant BCC tumors that vastly inhibit in vitro PKA-phosphorylation while

promoting HH activity output. Murine BCC allografts that overexpress PKA-phosphodead GLI1

significantly enhance tumor growth while allografts that overexpress PKA-phosphomimetic GLI1

impede tumor formation. Our findings suggest the use of GLI inhibitors and/or PKCι/λ inhibitors

to treat SMOi-resistant BCCs harboring PKA-phosphodead GLI mutations.
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Introduction

The Hedgehog (HH) signaling pathway plays crucial roles in embryogenesis and adult

homeostasis of both vertebrates and invertebrates (Varjosalo and Taipale, 2008), intricately

regulating cell differentiation, proliferation, migration, invasion, and stem cell regeneration

(Zheng et al., 2010). Several carcinomas and other debilitating diseases in humans have been

linked to aberrant HH activity (Gupta et al., 2010; Sasai et al., 2019) which is ultimately

controlled by the three downstream transcription factors, the glioma-associated oncogenes

GLI1, GLI2, and GLI3 (Doheny et al., 2020; Varjosalo and Taipale, 2008). Extensive sequencing

efforts and functional studies have confirmed that the amino acid sequences, specific functions,

and regulation of these GLI family members are highly conserved from their Drosophila

ortholog, cubitus interruptus (Ci) (Huangfu and Anderson, 2006).

Ci/GLI are regulated by a large multi-pathway protein network with its core cascade modulated

by HH ligands (Ehtesham et al., 2007). When HH ligand is absent, HH receptor Patched1

(PTCH1) prevents activation of G-protein coupled receptor Smoothened (SMO) (Huang et al.,

2016). Without active SMO, full-length Ci/GLI remain in a cytoplasmic complex with Fused (Fu)

and Suppressor of Fused (SUFU), scaffolded by Costal2/KIF7 (Han et al., 2019; Monnier et al.,

1998; Tay et al., 2005). This retention permits the sequential phosphorylation of Ci/GLI by

protein kinase A (PKA) (Niewiadomski et al., 2014), glycogen synthase kinase beta 3 (GSKβ3)

(Jia et al., 2002), and casein kinase 1 (CK1) (Price and Kalderon, 2002), triggering a

ubiquitination cascade involving E3 ubiquitin ligase βTrCP (Tempe et al., 2006) followed by

differential proteolytic processing (Chen et al., 2011; Li et al., 2017; Matissek and Elsawa,

2020). When present, HH ligand binds to and inhibits PTCH1, thus relieving SMO suppression

(Huang et al., 2016). SMO competes with full-length Ci/GLI for phosphorylation by PKA and

CK1 (Jia et al., 2004), effectively blocking Ci/GLI processing and possibly inducing Ci/GLI
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dissociation from SUFU (Tukachinsky et al., 2010). Free Ci/GLI then undergoes a series of

posttranslational modifications before translocating into the nucleus where they associate with

co-activators (Bosco-Clement et al., 2013; Humke et al., 2010; Ohlmeyer and Kalderon, 1998;

Robbins et al., 2012; Yoon et al., 2015) to promote transcription of HH target genes, including

GLI1 and PTCH1 (Diao et al., 2018) which are reliable markers for the HH pathway (Dai et al.,

1999; Ikram et al., 2004).

Structurally, Ci/GLI belong to the family of zinc finger transcription factors that contain an

amino-terminal degradation signal (degron DN) (Huntzicker et al., 2006) followed by a

SUFU-binding region (Han et al., 2015), five consecutive zinc fingers with DNA-binding

sequences (Kinzler and Vogelstein, 1990; Pavletich and Pabo, 1993), one nuclear localization

signal (NLS) (Bauer et al., 2015), a carboxyl-terminal degron (degron DC) (Huntzicker et al.,

2006), a nuclear export signal (NES), a PKA/GSKβ3/CK1 phosphorylation cluster (PC), and a

transactivation domain (TAD) at the C-terminus (Yoon et al., 1998). Additionally, GLI2 and GLI3

possess a repressor domain upstream of the amino-terminal degron DN (Tsanev et al., 2009)

and a second SUFU binding region downstream of the TAD (Han et al., 2015). These domains,

in addition to other disordered regions, facilitate Ci/GLI interactions with a wide group of

proteins, allowing Ci/GLI activity to be controlled at several levels including transcription, protein

stability, subcellular localization, and transcriptional activity (Robbins et al., 2012).

In vertebrates, GLI homologs (GLI1, GLI2, and GLI3) perform overlapping functions to

collectively regulate their diverse targets (Ali et al., 2019; Bai and Joyner, 2001; Diao et al.,

2018; Eichberger et al., 2005). Importantly, the vertebrate HH pathway requires primary cilia to

transduce signals (Fu et al., 2014; Wong et al., 2009). In response to HH ligand, primary

cilia-localizing PTCH1 ceases to restrict translocation of SMO to the ciliary membrane, which

subsequently attracts SUFU-GLI-PKA complexes to the basal body where full-length GLI2/GLI3
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are modified to become transcriptional activators and transported into the nucleus (Robbins et

al., 2012; Tuson et al., 2011). Full-length GLI2/GLI3 activators are thought to be unstable and

quickly degraded by the proteasomal degradation complex (Zhang et al., 2009). GLI2/GLI3 can

also be partially processed into their repressor forms (GLI2R/GLI3R) upon phosphorylation at

six verified PKA-specific phosphosites to function as transcriptional repressors (Aza-Blanc et al.,

2000; Niewiadomski et al., 2013; Pan et al., 2006; Pan et al., 2009; Price and Kalderon, 1999;

Rust and Thompson, 2011; Wang et al., 1999; Wang et al., 2000) with GLI3 as the strongest

repressor (Wang and Wang, 2007) and GLI2 as a weaker one (Sasaki et al., 1999). Yet, GLI1 is

thought to function only as a full-length activator and not cleaved cleaved through a

PKA-mediated process (Dai et al., 1999; Kaesler et al., 2000; Park et al., 2000), despite several

cell lines and tissues showing multiple sized bands of GLI1 protein products using an antibody

against the amino-terminus of GLI1 (Amable et al., 2014; Reda et al., 2018; Stecca and Altaba,

2009).

In this study, we employed in vivo and in vitro assays to investigate three putative GLI1

PKA-sites that are conserved with GLI2/GLI3 and evaluated 12 clinical mutations located near

these sites that were sequenced from sporadic and Gorlin’s syndrome basal cell carcinomas

(BCC). We report marked effects of these clinical mutations on GLI1’s transcriptional activity,

subcellular localization, stability, and PKA-mediated phosphorylation. In BCC allografts,

overexpression of phospho-deficient GLI1 significantly promoted tumor growth while

overexpression of phosphomimetic GLI1 impeded tumor formation. Phosphomimetic GLI1

results in a truncated protein product, which forms by a βTrCP-dependent mechanism. Our

results suggest that PKA negates GLI1 activity to quickly suppress HH signaling in the absence

of HH ligand.
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Results

Three putative PKA-specific GLI1 phosphosites are disrupted in tumors

Previous work have demonstrated the role of PKA-specific phosphorylation in GLI2R/GLI3R

formation (Pan et al., 2009; Tuson et al., 2011; Wang et al., 1999; Wang et al., 2000), yet

whether the same biochemical mechanism applies to GLI1 has not been established. To

characterize potential PKA phosphosites on GLI1, we aligned protein sequences of human

GLI1, GLI2, and GLI3 with either a 4-amino-acid or 15-amino-acid sliding window and looked for

conservation around the GLI2/GLI3 PKA phosphorylation region (Figure 3.1A). We detected

three putative PKA target sites (consensus motif RRXS) at amino acids S544 (RRSS), S560

(RRSS), and S640 (RRAS) in several highly conserved amino acid clusters (Figure 3.1B),

which are consistent with previously reported alignment results (Sheng et al., 2006; Schrader et

al., 2011). Interestingly, while GLI2 and GLI3 contain six full PKA target sites each

(Niewiadomski et al., 2013; Pan et al., 2009; Price and Kalderon, 1999; Wang et al., 2000), GLI1

only has three conserved sites.

Limitedly, S640A substitution on GLI1 robustly inhibited its in vitro phosphorylation by PKA

(Asaoka et al., 2010) but its effects on HH pathway activity has not been evaluated. Additionally,

the double mutation S544AS560A weakly induced ectopic expression of the HH target gene

coding for Patch (ptc) in Drosophila (Marks and Kalderon, 2011) but no evidence of direct PKA

phosphorylation has been shown. In earlier years, GLI1 that lacked the C-terminal segment

spanning a.a. 515–1106 (GLI1ΔC) abolished in vitro PKA-phosphorylation of immunoprecipitated

GLI1 (Sheng et al., 2006), illustrating the requirement of this C-terminal region for

PKA-phosphorylation. In the same study, GLI1 that carried the S544GS560AS640A substitution

compounded by T296AT374V yielded a similar result but the effect on individual residues

besides T374 was not pursued (Sheng et al., 2006). In this study, we aimed to further
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characterize these phosphosites by examining their corresponding single, double, and triple

phospho-dead (S to A) as well as phospho-mimetic (S to E) mutations in NIH3T3 cells. To

explore the relevance of PKA-mediated GLI1 phosphorylation, we analyzed genomic

sequencing data from 58 sporadic and Gorlin’s syndrome BCC samples and found many

previously unidentified mutations surrounding the putative PKA phosphosites (Figure 3.1C).

Figure 3.1. Conserved PKA-specific phosphorylation region on GLI1 is mutated in

SMOi-resistant BCCs. (A) Protein sequence alignment analysis of human GLI1, GLI2, and

GLI3 using the Geneious algorithm with either a 4-amino-acid or 15-amino-acid sliding window.

Confirmed GLI2/3 and putative GLI1 PKA-specific phosphorylation sites are indicated as ℗.

Clinical BCC mutations of GLI1 near putative PKA-phospho sites are shown as blue lines ||.

Note that conserved sliding windows are displayed in green while conserved amino acyl

residues are shown in black. (B) Locations of PKA consensus phosphorylation sequence RRXS

on GLI1, GLI2, and GLI3. (C) Clinical GLI1 mutations detected in exome-sequencing data of

SMOi-resistant BCCs.
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BCCs are driven by inappropriate activation of the HH pathway, so disruption of a negative

regulator may be positively selected in tumors. To examine how these mutations influence GLI1

activity, we utilized the piggyBac transposon system (Fraser et al., 1996) to stably overexpress

amino-terminal RFP-tagged wild-type (WT) or mutant human GLI1 in NIH3T3 cells and assayed

their effects on HH pathway activity using endogenous expression of mouse Gli1 mRNA, a

robust HH target gene. We found that 9 of the 12 mutations (S544N, S545N, S546Y, S548R,

S551F, S560Y, P566R, A643T, and Q644E) significantly increased, one mutation (A645P)

significantly decreased, and two mutations (S538F, D641N) did not change HH pathway activity

as compared to WT GLI1 (Figure 3.2A). Only the P566R mutation promoted higher GLI1

nuclear localization, potentially explaining the corresponding increase in activity, while the other

mutations shifted GLI1 localization more cytoplasmic (Figure 3.2B). These cytoplasmic shifts

seemed contradictory to their elevated GLI1 activity as nuclear localization of transcription

factors are often correlated with enhanced transcriptional activity (Hunter et al., 2014).

We next evaluated GLI1 protein stability by western blot using antibodies raised against RFP

and GLI1. Of note, untransfected NIH3T3 and AZS001 BCC cell lysates showed a full-length

band near 120kD, a band near 78kD, and three bands between 48kD–37kD when blotted for

endogenous mouse Gli1 protein (Figure 3.2C), suggesting the expression of either isoforms or

cleaved protein products. Similar Gli1 banding has been observed in non-transfected human

ovarian carcinoma cells A2780/CP70 (Amable et al., 2014), several human cancer cell lines

(Reda et al., 2018; Stecca and Altaba, 2009), NIH3T3 cells (Zhang et al., 2019), gastric cancer

cells (You et al., 2020), and colon cancer cells (Satapathy et al., 2020) using antibodies raised

against the amino-terminal regions of GLI1. Our stably transfected RFP-tagged GLI1 constructs

show the expected band for full-length RFP-GLI1 (GLI1FL) near 150kD (GLI1, ~118kD; RFP,

~27kD) and a band for a carboxy-terminally truncated RFP-GLI1 (GLI1trunc) near 104kD (Figure

3.2D), with varying degrees of GLI1FL/GLI1trunc ratios.
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To define the influence of these clinically-derived mutations on PKA-specific GLI1

phosphorylation, we performed in vitro kinase assays of recombinant WT and mutant GLI1

protein fragments spanning amino acids 501–680 with commercially available recombinant

PKA. With the exceptions of S538F and S548R, most of the mutations drastically inhibited

PKA-mediated GLI1 phosphorylation (Figure 3.2E). These findings indicate that specific

mutations within the PKA-interacting region on GLI1 strongly suppresses PKA phosphorylation

and may affect GLI1 transcriptional activity.

Figure 3.2. Clinical BCC mutations near putative PKA-phosphosites on GLI1 alter Gli1

mRNA level, GLI1 localization, GLI1 degradation, and PKA-specific GLI1 phosphorylation.

(A) Gli1 mRNA levels of NIH3T3 cells overexpressing wild type (WT) and clinical mutant GLI1

constructs. n ≥ 3. dR, delta reporter signal normalized to passive reference dye. (B) Relative

localization of RFP-tagged GLI1 clinical mutants expressed as Nuclear/Cytoplasmic ratio. n≥100

cells per construct. (C–D) Western blot of non-transfected NIH3T3 cells (C) and NIH3T3 cells
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overexpressing the indicated RFP-tagged GLI1 constructs (D). Signal of top blot from RFP

antibody. Signal of bottom blot from beta-Actin antibody. kD, kilodalton. (E) Quantification for in

vitro PKA-phosphorylation of GST-tagged WT or clinical mutant GLI1 fragments spanning

501st–680th amino acids. Autoradiogram signal (32P incorporation) for each fragment was

normalized to corresponding Coomasie stain signal and subsequently normalized to WT

sample. n 3, error bars represent SEM; significance was determined by unpaired two-tailed t≥

test (*, p<0.05; **, p<0.01; ***, p<0.001).

PKA phosphorylates GLI1 at all three phosphosites to control activity in a graded fashion

Putative PKA-phosphosites at residues S544, S560, and S640 on GLI1 (Figure 3.3A) were

previously proposed (Sheng et al., 2006; Schrader et al., 2011) and a S640A substitution on

GLI1 has been shown to inhibit in vitro phosphorylation by PKA (Asaoka et al., 2010), yet a

thorough investigation of their effects on HH signaling has not yet been done. Therefore, we

aimed to further characterize these phosphosites by examining single, double, and triple

phospho-deficient (S to A substitution) and phospho-mimetic (S to E) mutations in NIH3T3 cells.

We found that disruption of individual putative sites with either S to A or S to E substitutions

significantly reduced GLI1 localization into the nucleus (Figure 3.3B). Interestingly, only the

phospho-mimetic single mutations reduced HH activity (Figure 3.3C). In vitro kinase assays

showed reductions in PKA-mediated phosphorylation for S544A and S640A, while increasing

phosphorylation for S560A (Figure 3.3D). Double mutant analysis showed inconsistent results

compared to the single mutants where some phospho-deficient combinations showed increases

in activity (S544A/S560A) whereas others showed decreases (S560A/S640A) (Figure 3.3E).

Phospho-mimetic combinations also did not correspond to the changes seen in the single

mutant analysis, except for combinations containing S560E (Figure 3.3E), despite all double

mutants consistently showing impeded GLI1 nuclear migration (Figure 3.3F).

In stark contrast, triple mutants where all the putative phosphosites were converted to alanines
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or glutamates showed robust changes in activity similar to those described for GLI2/GLI3

(Niewiadomski et al., 2013). The triple mutant phospho-deficient mutant (GLI1TMA) significantly

increased activity over GLI1WT despite a decrease in nuclear localization (Figure 3.3G–H). In

contrast, the triple mutant phospho-mimetic mutant (GLI1TME) significantly decreased activity to

levels similar to empty vector despite an increase in nuclear accumulation (Figure 2G–H),

suggesting that PKA phosphorylation completely disables GLI1 activity and does not promote

repressor activity. Along those lines, we next assayed whether HH activity is altered after

removal of HH ligand. HH target gene induction steadily increased in GLI1WT cells for 4-6 hours

after removal of HH ligand before shutting down (Figure 3.3I). GLI1TMA pushed the rise in HH

target gene induction for several more hours and showed significantly elevated levels through

8-12 hours, whereas GLI1TME did not deviate substantially from GLI1WT, suggesting that PKA

phosphorylation may be needed after HH ligand removal to suppress pathway activity and that

PKA does not promote repressor activity after HH ligand removal. In vitro phosphorylation of a

GLI1TMA fragment (a.a. 501–680) by PKA was almost undetectable, indicating that PKA

phosphorylates all three phosphosites (Figure 3.3J). These data suggest that PKA negatively

modulates GLI1 activity in a graded fashion, at least with S544/S560, as observed in GLI2 and

GLI3 (Niewiadomski et al., 2013).
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Figure 3.3. PKA phosphorylates GLI1 at all three phosphosites to control activity in a

graded fashion. (A) Structure of full-length GLI1 indicating the three putative PKA-specific

phosphorylation sites in the phosphorylation cluster (blue box) preceded by C-terminal degron

(green box) where ubiquitination-mediated cleavage is proposed to occur. (B) Relative

localization of RFP-tagged GLI1 of NIH3T3 cells overexpressing RFP-tagged GLI1 constructs

containing wild type (WT), S to A, or S to E mutations at individual 544th, or 560th, or 640th amino

acid, expressed as Nuclear/Cytoplasmic ratio. n≥100 cells per construct. (C) Gli1 mRNA levels

of cells from (B), n ≥ 3. (D) Quantification for in vitro PKA-phosphorylation of GST-tagged WT,

544S→A, 560S→A, or 640S→A GLI1 fragments spanning 501st–680th amino acids. Autoradiogram

signal of 32P incorporation for each fragment was normalized to corresponding Coomasie stain

signal and subsequently normalized to WT sample, n≥3. (E) Gli1 mRNA levels of NIH3T3 cells

overexpressing RFP-tagged GLI1 constructs containing WT, S to A, or S to E at various double

combinations of 544th, 560th, or 640th amino acids. n ≥ 3. (F) Relative localization of RFP-tagged

GLI1 proteins from (D) expressed as Nuclear/Cytoplasmic ratio. n≥100 cells per construct. (G)

Gli1 mRNA levels of NIH3T3 cells overexpressing RFP-tagged GLI1 constructs containing WT,

S to A (TMA) or S to E (TME) at all three 544th, 560th, and 640th amino acids. n ≥ 3. (H) Relative

localization of RFP-tagged GLI1 proteins from (F) expressed as Nuclear/Cytoplasmic ratio.

Representative immunofluorescent images are shown. n≥100 cells per construct. (I) Hedgehog

pathway activity via Gli1 mRNA levels in NIH3T3 cells overexpressing RFP-tagged WT, TMA, or

TME GLI1 constructs collected at every 2 hours post Shh-N ligand removal. n ≥ 3. (J)

Quantification for in vitro PKA-phosphorylation of GST-tagged WT and TMA GLI1 fragments.

Samples for each cell line are normalized to time 0. Note that HH activity continues to increase

for 6 hours post ligand removal in cells overexpressing WT GLI but continues to increase for 8

hours in the cases of TMA and TME GLI1. Also note that such activity is sustained better in

TMA GLI1 cells. Error bars represent SEM; significance was determined by unpaired two-tailed t

test (*, p<0.05; **, p<0.01; ***, p<0.001).
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GLI1TMA accelerates while GLI1TME inhibits growth of BCC allografts

To evaluate the impact of altering PKA-mediated GLI1 phosphorylation on BCC growth, we

performed an MTT assay on murine BCC ASZ001 cells stably overexpressing RFP-tagged

GLI1WT, GLI1TMA, or GLI1TME. We found that GLI1TMA promoted cell proliferation over GLI1WT,

whereas GLI1TME reduced cell proliferation to levels similar to cells containing empty vector

(Figure 3.4A), corresponding to their changes to GLI1 activity. We then examined the effects on

tumor growth by subcutaneously injecting the stably transfected cells into the back skin of NOD

SCID mice, where each mouse was subcutenously injected with all three cell lines at three

separate sites (Figure 3.4B). Consistently, allografts of GLI1TMA expressing BCC cells showed

palpable tumors at 8 weeks, with tumors present at all 9 GLI1TMA injection sites (Figure 3.4C).

The first palpable tumors of GLI1WT expressing BCC cells did not appear until week 10, whereas

GLI1TME tumors were delayed further and did not appear until week 11. Mice were euthanized at

week 12 due to the significant volume of GLI1TMA tumors (Figure 3D), with growth correlating to

GLI1 activity (Figure 3.4D). Representative week 12 tumors are shown with the only dissectable

GLI1TME tumor (Figure 3.4E). As there was a long latency period before palpable tumor growth,

we confirmed the difference in tumor growth between GLI1WT and GLI1TMA by dissociating cells

from the original allografted tumors and subcutaneously re-injecting equal numbers of cells into

the backskin of new NOD SCID mice (Figure 3.4F). The re-injected cells induced palpable

tumors by 4 weeks with GLI1TMA consistently displaying a significant growth advantage over

GLI1WT (Figure 3.4G–H). These results suggest that PKA can significantly regulate BCC tumor

growth through GLI1 phosphorylation and suggests that PKA may regulate HH signaling by

suppressing activity of all three GLIs.
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Figure 3.4. Loss of PKA-specific phosphorylation on GLI1 promotes growth in murine

BCC cells and allografts. (A) MTT assay of ASZ001 cells stably overexpressing pPiggyBac

constructs containing RFP (mock), RFP-tagged GLI1 WT, RFP-tagged GLI1 TMA, or

RFP-tagged GLI1 TME graphed as relative optical density (OD) value. Experiments were

repeated 3 times with ≥3 technical replicates. (B) Schematic of a NOD SCID mouse back where

ASZ001 cells stably overexpressing RFP-tagged WT, TMA, and TME GLI1 pPiggyBac

constructs were subcutaneously injected. 106 cells per site. n=9 mice were injected. (C)

Histogram showing number of mice injected in (B) displaying tumors at each injection site from

weeks 8th through 12th post injection. n=9. (D) Representative tumors extracted from mice

injected in (B) at 12th week post injection. (E) Average volumes of tumors measured from mice

injected in (B) from weeks 8th through 12th post injection, expressed in mm3. (F) Schematic of a

NOD SCID mouse back where cells dissociated from tumors at WT and TMA sites on mice

injected in (B) were re-injected. 106 cells per site. n=3 mice were injected. (G) Images of tumors
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extracted from mice injected in (F) at day 46th post injection. (H) Average volumes of tumors

measured from mice injected in (F) from day 27th through day 46th post injection, expressed in

mm3. Error bars represent SEM; significance was determined by unpaired two-tailed t test (*,

p<0.05; **, p<0.01; ***, p<0.001).

PKA phosphorylation mediates GLI1 degradation through βTrCP-dependent mechanism

Phosphorylation of GLI2 and GLI3 at PKA phosphosites prime GLI2/GLI3 for subsequent

phosphorylation by GSK3β (Jia et al., 2002) and CK-1 (Price and Kalderon, 2002), leading to

partial degradation into their truncated repressor forms (Pan et al., 2009; Wang et al., 2000) by

the SCFβTrCP complex (Pan et al., 2006; Tempe et al., 2006). Truncated GLI2/GLI3 have been

proposed to function as transcriptional repressors due to their corresponding amino-terminal

repressor domains, which is absent in GLI1 (Niewiadomski et al., 2019; Pan et al., 2006;

Roessler et al., 2005; Sadam et al., 2015; Sasaki et al., 1999).  Given the significant effects of

GLI1TMA and GLI1TME on HH pathway activity and tumor growth, we wondered whether

PKA-mediated phosphorylation influences GLI1 processing as seen in the clinically-derived

mutations from Figure 1E. Whole-cell lysates of NIH3T3 cells overexpressing RFP-tagged

GLI1WT, GLI1TMA, or GLI1TME showed significant changes in GLI1FL and GLI1trunc expression

(Figure 3.5A–B). The GLI1FL band showed reduced stability in GLI1TMA and a further reduction

in GLI1TME. In contrast, the GLI1trunc band was significantly enhanced in GLI1TME, modestly

present in GLI1WT, but nearly absent in GLI1TMA, suggesting that PKA-mediated phosphorylation

strongly enhances the cleavage of GLI1. Interestingly, GLI1TMA also showed a band near 130kD,

which was also weakly present in many of the clinically-derived GLI1 mutations (Figure 3.2D).

PKA phosphorylation of GLI2/GLI3 stimulates partial degradation into their repressor forms

through ubiquitination by the E3 ubiquitin ligase βTrCP, followed by proteolytic processing (Chen

et al., 2011; Li et al., 2017; Matissek and Elsawa, 2020). However, GLI1 has been thought to
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only undergo complete proteasomal degradation (Pan et al., 2009; Pietrobono et al., 2019;

Schrader et al., 2011). Previous studies also confirmed βTrCP binding at a DSGVEM motif on

the carboxy-terminus of GLI1 (degron Dc) to mediate GLI1 degradation (Deng et al., 2015;

Huntzicker et al., 2006). Interestingly, we observed significantly larger and more abundant

βTrCP-positive puntae in GLI1TME cells but much less in GLI1TMA cells as compared to GLI1WT

(Figure 3.5C), suggesting that βTrCP may protect itself from degradation by binding to its

substrate (de Bie and Ciechanover, 2011). To determine whether the functional effects of

PKA-mediated phosphorylation on GLI1 processing can be rescued, we mutated degron DC

from DSGVEM to AIGVEM in the GLI1TME background to create the GLI1TMEmutDc mutant and

prevent βTrCP-mediated degradation. Encouragingly, we noted that the subcellular localization

of GLI1TMEmutDc was restored to a similar nuclear/cytoplasmic distribution as in GLI1WT (Figure

3.5D). Concurrently, GLI1TMEmutDc prevented proteolytic cleavage as we observed a less intense

GLI1trunc band and a stronger GLI1FL band compared to GLI1TME (Figure 3.5E). In addition, the

significant loss of GLI1TME activity was almost completely rescued in GLI1TMEmutDc (Figure 3.5F).

Collectively, these results indicate GLI1 is proteolytically cleaved by a βTrCP-dependent

mechanism similar to GLI2/GLI3.
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Figure 3.5. GLI1 phosphorylation by recombinant PKA at S544, S560, and S640 promotes

GLI1 degradation via E3 ubiquitin ligase βTrCP-dependent pathway at the C-terminal

degron. (A) Western blot of NIH3T3 cells overexpressing RFP-tagged WT, TMA, and TME GLI1

constructs. Signal of top blot from RFP antibody. Signal of bottom blot from beta-Actin antibody.

kD, kilodalton. (B) Quantification of band intensity for RFP-GLI1FL and RFP-GLI1104kD from

experiments shown in (A), n=4. (C) Representative immunofluorescence images of βTrCP (red)

and DAPI (green) localization in NIH3T3 cells overexpressing GLI1 WT, TMA, TME, or

N-terminal fragment (GLI1-N, a.a. 1–470). Note that βTrCP punctae in GLI1 TME and GLI1-N

cells are significantly larger and more abundant than those in GLI1 WT cells. (D) Relative

localization of RFP-tagged GLI1 proteins in NIH3T3 cells overexpressing GLI1 constructs

containing WT, TMA, TME, or their corresponding C-terminal degron mutation (mutDc,

βTrCP-binding site DSGVEM changed to AIGVEM), expressed as Nuclear/Cytoplasmic ratio.

n≥100 cells per construct. (E) Western blot of whole lysates from NIH3T3 cells in (D). Signal of

top blot from RFP antibody. Signal of bottom blot from beta-Actin antibody. (F) Gli1 mRNA levels

of NIH3T3 cells overexpressing RFP-tagged GLI1 constructs containing WT, WT mutDc, or TME
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mutDc. n ≥ 3. dR, delta reporter signal normalized to passive reference dye. Error bars represent

SEM; significance was determined by unpaired two-tailed t test (*, p<0.05; **, p<0.01; ***,

p<0.001). kD, kilodalton.

GLI1 cleavage product abolishes GLI1 transcriptonal activiation activity

GLI2/GLI3 contain a highly conserved repressor domain that confers their repressive function

once the carboxyl-terminal transactivation domain is removed (Methot and Basler, 1999;

Niewiadomski et al., 2013; Sasaki et al., 1999; Tsanev et al., 2009). GLI2 is thought to be

cleaved at amino acid 636 (42 residues upstream of carboxyl degron DSGVEM) to form a 78kD

GLI2R product (Pan et al., 2006; Pan and Wang, 2007; Pietrobono et al., 2019; Sasaki et al.,

1999), whereas GLI3 is thought to be cleaved at amino acids 677 (18 residues upstream of

carboxyl degron DSGSHS) to create an 83kD GLI3R product (Haycraft et al., 2005; Meyer and

Roelink, 2003; Pietrobono et al., 2019; Shin et al., 1999; Wang and Li, 2006). Since the GLI1

DSGVEM motif spans residues 462–467, we speculated that a GLI1-N product (a.a. 1–470)

could function comparably to GLI1TME. We observed that GLI1-N is highly nuclear, similar to

GLI1TME, whereas GLI1-C (residues 460–1106) was significantly enriched in the cytoplasm

(Figure 3.6A).

Using a luciferase reporter assay under the control of a 6x GLI binding site (Atwood et al. 2013)

as a measure of HH signaling in NIH3T3 cells, we observed both GLI1WT and GLI2WT increased

luciferase activity as expected (Figure 3.6B). Addition of either GLI2R with GLI2WT, or GLI1TME

or GLI1-N with GLI1WT, significantly suppressed the level of luciferase activity promoted by

GLI1WT/GLI2WT in a dose-dependent manner (Figure 3.6B). These results suggested that the

GLI1 truncation product serves as a repressor similar to GLI2R/GLI3R despite not containing an

amino-terminal repressor domain, which was puzzling to us as overexpression of GLI1TME did

not suppress endogenous target gene induction or HH pathway function (Figure 3.3G) over
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empty vector controls in our previous experiments.

Instead of competition experiments, we next overexpressed each component individually in our

luciferase assays in the presence of Shh-conditioned media. We observed that expression of

GLI1 or GLI2 significantly promoted luciferase activity whereas GLI3 showed significant

repression compared to empty vector as expected (Figure 3.6C). However, GLI2R or GLI1TME

modestly increased luciferase activity compared to empty vector, with GLI1-N showing no

change, suggesting that the truncation products of GLI1 or GLI2 do not serve as repressors by

themselves (Figure 3.6C). Dispensing with luciferase entirely, we next attempted to replicate the

competition experiment while monitoring endogenous HH target gene induction. Overexpression

of GLI1-N or GLI1-C in combination with GLI1WT did not suppress endogenous Gli1 mRNA

expression (Figure 3.6D), nor did GLI2R in combination with GLI2WT (Figure 3.6E). Taken

together, our results suggest that cleaved GLI1 and GLI2 result in loss of transcriptional

activation activity but do not serve as repressors of endogenous target gene induction.
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Figure 3.6. Truncation of GLI1 post PKA-phosphorylation aboblishes GLI1’s

transcriptional activation function but does not induce transcriptional represssion

function. (A) Relative localization of RFP-tagged GLI1 proteins from NIH3T3 cells

overexpressing GLI1 constructs for WT, TMA, TME, N-terminal fragment (a.a. 1–470), or

C-terminal fragment (a.a. 460–1106), expressed as Nuclear/Cytoplasmic ratio. n≥100 cells per

construct. Representative immunofluorescent images of some constructs are shown. (B–C)

Luciferase assays showing relative transcriptional activity of indicated GLI1, GLI2, and GLI3

constructs compared to empty vector pCS2. Shown results are normalization of firefly

luciferase/Renilla luciferase in each sample. n=3. Note that WT GLI3 activity is lower than empty

vector, but GLI2-78, GLI1 TME, and GLI1-N activities are not. In (B), a total of 1500 ng of DNA

is transfected into NIH3T3 cells, of which the amount of WT GLI2 or WT GLI1 constructs are

constant with increasing amount of GLI2 repressor (GLI2-78), GLI1 TME, or GLI1-N

respectively. In (C), 1000 ng of each construct is transfected into NIH3T3 cells. (D) Relative Gli1

mRNA levels in NIH3T3 cells overexpressing the combination of a construct containing WT

GLI1 and a construct containing RFP (empty vector), or N-terminal fragment (a.a. 1–470) of

GLI1, or C-terminal fragment (a. a. 460–1106) of GLI1. Note that the addition of fragments does

not significantly affect HH pathway activity within these cells. n ≥ 3. (E) Relative Gli1 mRNA

levels in NIH3T3 cells overexpressing the indicated constructs of GLI2. Note that GLI2-78 alone

does not significantly affect HH pathway activity within these cells. dR, delta reporter signal

normalized to passive reference dye. Error bars represent SEM; significance was determined by

unpaired two-tailed t test (*, p<0.05; **, p<0.01; ***, p<0.001).
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Discussion

Phosphorylation of GLI2 and GLI3 at PKA phosphosites prime them for subsequent

phosphorylation by GSK3β (Jia et al., 2002) and CK-1 (Price and Kalderon, 2002), leading to

partial degradation into their C-terminally truncated forms (Pan et al., 2009; Wang et al., 2000)

by the SCFβTrCP complex (Pan et al., 2006; Tempe et al., 2006). Here, we show that

phosphorylation of GLI1 at all three C-terminal PKA phosphosites also induces GLI1 partial

processing and creates a C-terminally truncated form of GLI1. βTrCP association at the

DSGVEM motif is required for proteolytic processing of each GLI protein (Chen et al., 2011; Li et

al., 2017; Matissek and Elsawa, 2020; Pan et al., 2009; Pietrobono et al., 2019; Schrader et al.,

2011). In our hands, βTrCP-binding mutations lowered nuclear localization in GLI1WTmutDc as

compared to GLI1WT, rescued nuclear localization of GLI1TMEmutDc as compared to GLI1TME, but

did not affect localization of GLI1TMAmutDc as compared to GLI1TMA (Figure 4E). These results

suggest that PKA-phosphorylation of GLI1 is required for βTrCP-binding and that

βTrCP-association may enhance GLI1 nuclear localization. It is likely that GLI1 ubiquitination by

the SCFβTrCP complex may start in the nucleus but subsequent translocation of the complex to

the cytoplasm is needed for complete degradation by the 26S proteasome, in the same manner

as the ligand-activated transcription factor Smad3 (Fukuchi et al, 2001).

Unlike GLI3 that gains a repressive function once its carboxyl-terminal transactivation domain is

removed (Methot and Basler, 1999; Sasaki et al., 1999; Tsanev et al., 2009), our data points to a

loss of transcriptional activity in C-terminally truncated GLI1 instead of a gain of repressor

function. Of note, our assays did not confirm the transcriptional repressor function of GLI2R

when using endogenous target gene induction despite what was previously aserted

(Niewiadomski et al., 2019; Li et al., 2011; Pan et al., 2006; Pan and Wang, 2007; Roessler et

al., 2005; Sadam et al., 2015; Sasaki et al., 1999). Our careful search of the mentioned works
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did not reveal a functional study that directly examined the effect of GLI2R on endogenous HH

pathway activity such as mRNA levels of downstream target genes or in vivo development.

Thus, it is possible that while GLI2R may induce repression in in vitro luciferase or β-GAL

reporter assays, this form of GLI2 may not produce the same impact on their endogenous

targets. We believe that more functional studies are needed to better evaluate GLI1 and GLI2

C-terminally truncated isoforms.

BCCs are driven by inappropriate upregulation of the HH pathway which can be positively and

negatively regulated by PKA. While PKA can phosphorylate to activate SMO (Jia et al., 2004)

and phosphorylate to inactivate SUFU (Tukachinsky et al., 2010) to upregulate GLI effectors,

data presented by other groups and this study demonstrate that PKA can also directly

phosphorylate GLIs to inhibit GLIs transcriptional activity (Aza-Blanc et al., 2000; Niewiadomski

et al., 2013; Pan et al., 2006;  Pan et al., 2009; Price and Kalderon, 1999; Rust and Thompson,

2011; Sasaki et al., 1999; Wang et al., 1999; Wang and Wang, 2007; Wang et al., 2000).

Therefore, it is not surprising that BCCs select for specific mutations that may abolish PKA’s

negative regulation and stabilize GLI1 in order to promote tumor growth. As the GLI

transcription factors are the ultimate HH effector, presence of these mutations in patient tumor

samples may pose significant limitations to subsequent drug therapy. Chemical activators of

PKA (FSK, CTx, cAPM, dcAMP, and 8-Br-cAMP) or of the proteasome complex (PD163916,

SB202190, SB203580, ZFAND5/ZNF216) may not be effective treatments as phosphorylation

by PKA and, therefore, interaction with βTRCP would likely be inhibited in these GLI1 mutants.

Currently, the GLI inhibitor arsenic trioxide (ATO) is known to impede HH activity by preventing

GLI2 accumulation (Beauchamp et al., 2011; Kim et al., 2010) and, thereby, reducing

transcription of GLI2 target genes including Gli1. At the same time, GANT61 blocks

DNA-binding of both GLI1 and GLI2 to downregulate transcription by GLIs (Kim et al., 2010; Fu

et al., 2013). In addition, small-molecule inhibitors of PKCι/λ (PSI, ICA-1S, ζ-Stat, ACPD, and
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DNDA) may indirectly reduce GLI1 activity via loss of activating phosphorylation at residue S243

and T304 by PKCι/λ (Atwood et al., 2013). Individual or combinatorial therapies involving PKCι/λ

and GLI inhibitors may be promising treatments for BCC patients with PKA phospho-deficient

mutations.
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The work described in this dissertation presented evidence that suggests two additional drug 

resistance mechanisms in SMOi-treated BCCs: the first likely involves a concerted action 

between upregulation of aPKC and downregulation of primary ciliogenesis whereas the second 

presumably entails the loss of inhibitory PKA-phosphorylation on GLI1. We connected the 

previously observed overactivation of phospho-aPKC in resistant BCC tumors and the 

chaterized enhancement of ciliogenesis in normal cells treated with aPKC inhibitor to explain the 

sustained elevation of HH pathway activity despite the overwhelming increase of ciliome 

mutational load in several SMOi-resistant BCCs. Particularly, we found that murine BCC tumors 

treated with PSI showed more ciliation and longer primary cilia whereas human BCC tumors 

displaying more active aPKC showed less ciliation and shorter primary cilia. In vitro , we 

observed that shRNA knockdown of ciliary genes significantly induced aPKC protein 

expression. Especially in BCC ASZ001 cells, overexpression of constitutively active aPKC 

isoform could override transient disruption of primary cilia formation and conferred resistance 

against SMOi vismodegib. Our findings strongly implicate the aPKC-ciliogenesis dynamics in 

drug-resistant BCCs, which may possibly be expanded into drug-resistance mechanisms of 

many other aPKChigh/ciliogenesislow cancers.  

 

 Excitingly, we also gained important insights into the PKA-GLI1 interaction and its outcomes. In 

details, we fully characterized how phosphorylation by PKA at three putative PKA-phosphosites 

on the C-terminus of GLI1 influenced GLI1 subcellular localization, GLI1 stability, and HH signal 

output, consequently asserting that PKA directly phosphorylated GLI1 at S540, S560, and S640 

residues to regulate GLI1 in a graded fashion. Of novelty, artificial PKA-phosphodead GLI1 

mutation promoted growth in BCC cells and allografts while resistant BCC-derived mutations 

near PKA-sites on GLI1 altered GLI1 activity. We also described, for the first time, the 

enhancement of a truncated protein product of GLI1 when all three PKA-sites were 

phosphomimetically mutated. These findings challenged the currently accepted notion that GLI1 
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could only be completely degraded by the SCFβTrCP-mediated proteasomal complex. 

 

Our data call for additional investigation into PKA-GLI1 relationship to confirm whether the 

truncated form of GLI1 reported above is real and whether this truncated GLI1 indeed does not 

confer a repressive function to GLI1. More in vitro  and  in vivo  studies are also needed to verify 

the previously proposed transcriptional repressor GLI2. Moreover, we encourage future 

research on the combinatorial aPKC overactivation and primary cilia disruption in BCC mouse 

model to corroborate our report. Given that the interaction between aPKC and GLI1 has not 

been intensively studied, additional investigation on the exact subcellular locations where aPKC 

phosphorylation of GLI1 takes place will help expand the field’s understanding on this 

non-canonical HH circuit. Furthermore, we recommend more detailed inspection of the 

aPKC-ciliogenesis dynamics in the context of psoriasis where limited works have separately 

implicated both in patient samples. Finally, our results enthusiastically endorse more exploration 

into GLI inhibitors and aPKC inhibitors as alternative pharmacotherapies for appropriate 

SMOi-resistant BCCs. 
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Challenging the accepted views on GLI1 ΔC and GLI2 ΔC 
 

Vertebrate GLI homologs perform overlapping functions to collectively regulate their diverse 

targets. Typically, activation of GLI proteins leads to their nuclear localization and subsequent 

transcription of HH target genes (Ali et al., 2019; Bai and Joyner, 2001 ; Diao et al., 2018 ; 

Eichberger et al., 2005 ). However, GLIs are also negatively regulated by serial phosphorylation 

by PKA, GSK3 β, and CK-1 at specific residues within their phosphorylation cluster Jia et al., 

2002; Price and Kalderon, 2002 , leading to partial degradation of GLI2/3 into their C-terminally 

truncated forms (Pan et al., 2009; Wang et al., 2000) by the SCFβTrCP complex (Pan et al., 2006 ; 

Tempe et al., 2006).  Specifically, GLI3 can be partially processed into repressor GLI3R upon 

phosphorylation at its six verified RRXS motifs to function as a strong transcriptional repressor 

(Wang and Wang, 2007) while the same phosphorylation at corresponding sites in GLI2 also 

caused truncation but reportedly rendered a weaker repressive function (Sasaki et al., 1999). In 

contrast, GLI1 has been thought to function only as an activator and to only be digested fully 

(Dai et al., 1999; Kaesler et al., 2000; Park et al., 2000).  

 

Several prior attempts were made to characterize the relationship between PKA and GLI1. 

Sheng et al., 2006 proposed five PKA-phosphosites on GLI1 at T296, T374, S544, S560, and 

S640 residues. This in vitro  study reported T374 as a major phosphorylation site by PKA and 

showed that when all five residues were mutated, PKA-phosphorylation was diminished (Sheng 

et al., 2006). However, no functional effects of these mutants on HH activity was directly 

evaluated. Marks and Kalderon, 2011study in Drosophila  concluded that T374 was not 

detabably regulated by PKA. Specifically, they employed the T374K and T374D Gli1 constructs 

inside smo  and/or smo pka  mutant fly models to show that the expression of ptc was largely 

unaltered when pka  itself was not mutated (Marks and Kalderon, 2011). Here, double Gli1 

mutation at S544A and S560A or lack of a.a. 601–705 on Gli1 also induced ectopic expression 
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of ptc in the anterior of Drosophila  embryos. Yet, evidence of direct PKA-phosphorylation at 

these sites were missing. Additional studies using Western blotting with commercial antibodies 

against tagged or endogenous GLI1 protein only showed the presence of full-length GLI1 band 

size (Dai et al., 1999; Po et al., 2017). Therefore, the field has generally accepted the notion 

that GLI1 cannot be partially processed.  

 

Nevertheless, several works that employed antibodies against the amino terminal of GLI1 also 

provided Western blotting evidence with that GLI1 protein bands other than the full length size 

are present (Amable et al., 2013; Po et al., 2017; Reda et al., 2018; Stecca and Altaba, 2009). 

However, these banding patterns were somehow ignored. Now, we show that phosphorylation 

of GLI1 at all three C-terminal PKA-phosphosites also induces GLI1 partial processing and 

creates a C-terminally truncated form of GLI1. Our Western blot data of endogenous and 

overexpressed N-terminally tagged GLI1 produced banding pattern consistent with what was 

previously published (Amable et al., 2013; Po et al., 2017; Reda et al., 2018; Stecca and Altaba, 

2009). Specifically, we recorded endogenous full-length GLI1 near 120kD and truncated GLI1s 

near 78kD and 51kD while full length RFP-tagged GLI1 near 150kD and truncated RFP-tagged 

GLI1 near 110kD which is the same size as the enhanced GLI1 product when phosphorylation 

by PKA was mimicked at all 3 PKA-specific phosphosites on GLI1. More significantly, when 

PKA-phosphorylation is artificially lost in phosphodead mutant, the intensity of this untagged 

78kD (tagged 110kD) GLI1 band was essentially abolished. Thus, our data show that full 

phosphorylation of GLI1 by PKA can induce the formation of a truncated GLI1 isoform, like what 

was observed in GLI2 and GLI3.  

 

Unlike GLI3 that gains a repressive function once its carboxyl-terminal transactivation domain is 

removed (Methot and Basler, 1999; Sasaki et al., 1999; Tsanev et al., 2009 ), our data point to a 

loss of an activating function in C-terminally truncated GLI1 instead of a gain of a repressing 
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function. Specifically, both the truncated GLI1 induced by phosphomimetic mutations of 

PKA-phosphosites and the truncated GLI1 formed from GLI1 1-470 fragment to perpetuate the 

truncation product of SCFβTrCP-mediated proteasomal degradation did not show a repressive 

effect in both HH activity assay and luciferase activity assay, compared to empty vector. These 

findings confirmed the lack of a repressive domain on GLI1 (Dai et al., 1999; Kaesler et al., 

2000; Park et al., 2000 ) and illustrated the loss of activation capacity in truncated GLI1, 

explaining lack of inhibitory effects seen in earlier studies of C-terminally truncated GLI1. Of 

significance, our luciferase assay and functional HH assay did not confirm the transcriptional 

repressor function of GLI2-78 as previously suggested (Niewiadomski et al., 2019; Li et al., 

2011; Pan et al., 2006; Pan and Wang, 2007; Roessler et al., 2005; Sadam et al., 2015; Sasaki 

et al., 1999). We found that GLI2-78 by itself did not decrease Gli1  mRNA level in comparison to 

empty vector control, yet it was able to reduce Gli1  mRNA level activated by GLI2 WT to the 

level seen in empty vector control. Our careful search of the mentioned works did not reveal a 

functional study that directly examined the effect of GLI2-78 mutant on the output of the HH 

pathway activity such as mRNA levels of downstream target genes or organismal development. 

Thus, it is possible that while GLI2-78 may induce repression via in vitro  luciferase or β-GAL 

reporter assays, this form of GLI2 may not produce the same impact on their endogenous 

targets. We highly encourage additional functional studies by other groups to better evaluate 

GLI1 and GLI2 C-terminally truncated isoforms, GLI1 ΔC and GLI2 ΔC.  
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Applications of K14Cre ERT;Ptchfl/fl;Ift88 fl/fl;Rosa26-Prkci1-235 

mouse model 
 

The work described in chapter 2 of this thesis heavily employed in vitro  assays to examine the 

relationship between aPKC and ciliogenesis in normal and BCC cell lines. To have a more 

accurate translational impact, we expect these findings to be replicable in a mouse model 

system. Hence, we set out to create a transgenic mouse line that conditionally overepresses the 

constitutively active isoform of aPKC (Prkci 1-235) along with loss of ciliogenesis (Ift88 fl/fl ) in the 

skin (K14Cre ERT) of BCC background (Ptch fl/fl ).  

 

K14Cre ERT;Ptch fl/fl  is one of the widely accepted BCC mouse models where loss of PTCH1 

protein is conditionally driven by the promoter of Keratin 14 which expresses predominantly in 

the skin and showed lesions by 3-12 weeks (Aszterbaum et al., 1999; Jonkers et al., 2001; Nitzi 

et al., 2012; Scharfenberger et al., 2014; Siggins et al., 2009; Sternberg et al., 2018; Uhmann et 

al., 2011). Studies using the K14Cre AMC;Ift88 fl/fl  models confirmed loss of primary cilia in the 

epidermis accompanied by hyperproliferation at the interfollicular epidermis, sebaceous glands, 

and hair follicles (Croyle et al., 2011). Of importance, published data have also demonstrated 

that K14Cre ERT;Ift88 fl/fl mice did not display abnormalities in the mammary glands or the 

craniofacial features (Mitchell and Serra, 2014; Tian et al., 2017), which eases relevant 

concerns over Keratin 14 expression in other tissues besides the epidermis. So far, no 

publication has indicated that a mouse line with overactive aPKC in the skin exists. At the same 

time, even though Ift88 loss has been induced in BCC backgrounds including 

K14Cre ERT;SmoM2  and K14Cre ERT;Gli2ΔN (Wong et al., 2009), none has been done in the 

presence of Ptch  loss. Thus, to establish a full-scale study with proper controls, it is of our 

interest to obtain the eight transgenic mice listed in Table 4.1  below. These murine lines will 
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allow us to discern effects of individual transgenes as well as their combinations on BCC 

tumorigenesis as well as drug responses.  

  

Table 4.1 . Required transgenic mouse lines to explore the effect of aPKC overactivation 

and loss of ciliogenesis in BCC skin.  

 

Our preliminary data show that K14Cre ERT;Ift88 fl/f and K14CreERT;Rosa26-Prkci 1-235 mice were 

unable to form BCC even by 42 weeks post tamoxifen injection. Yet, numerous visible BCC 

tumors were seen in the back, cheeks, ears, tail, and paws of the 

K14Cre ERT;Ptch fl/fl ;Rosa26-Prkci 1-235 mice just 2 weeks post tamoxifen injection (Figure 4.1 ) 

instead of 3-12 weeks as in  K14Cre ERT;Ptch fl/fl , suggesting that overactivation of aPKC alone is 

not sufficient to initiate BCC tumorigenesis but likely functions as a tumor enhancer. If future 

experiments find epidermal proliferation to be exacerbated in K14Cre ERT;Ift88 fl/fl ;Rosa26-Prkci 1-235 

and/or K14Cre ERT;Ptch fl/fl ;Ift88 fl/fl  mice as compared to K14Cre ERT;Ift88 fl/f mice and to be even 

worsened in K14Cre ERT;Ptch fl/fl ;Ift88 fl/fl ;Rosa26-Prkci 1-235 mice as compared to 

K14Cre ERT;Ptch fl/fl ;Rosa26-Prkci 1-235 mice, our in vitro  findings will confirm tumor enhancer 

functions of both aPKC overactivation and primary ciliary loss. Once characterization of the 
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above mouse lines are completed, we propose to treat the mice at their respective tumor peaks 

with SMOi (vismodegib, sonidegib), aPKC inhibitors (PSI), primary cilia activator (Eupatilin, Kim 

et al., 2018), and their combinations to examine their responsiveness and, hopefully at some 

extent, address the pressing issues with SMOi-resistance and alternative therapies.  

Figure 4. 1. Overactivation of aPKC enhances BCC tumorigenesis. Representative images 

of H&E staining for  K14Cre ERT;Ptch fl/fl  and K14Cre ERT;Ptch fl/fl ;Rosa26-Prkci 1-235 mice back skin 6 

weeks post Tamoxifen injection. Images were taken at 20X magnification. Note that sizes of hair 

follicles and dermal cells are the same between samples.  

 

The complete findings of this mouse study will significantly improve our in vivo  understanding of 

how the interaction between aPKC overactivation and inhibition of primary ciliogenesis may 

influence BCC tumorigenesis and drug resistant development. At the same time, such insights 

will likely aid in our quests for alternative and combinatorial pharmacotherapeutic treatments for 

advanced and resistant BCCs as well as other aPKChigh-ciliogenesislow cancers.  
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Exploring the impact of aPKC-ciliogenesis dynamics on 

psoriasis development 
 

Psoriasis is a chronic inflammatory skin disease caused by sustained inflammation that leads to 

hyperproliferation of keratinocytes. Even though psoriasis may be triggered by environmental 

irritants, stress, and/or genetic predisposition (Armstrong and Read, 2020; Lee et al., 2018), a 

common immune feature is the involvement of various cell types including keratinocytes as well 

as vasculature and immune cells that invade the dermal and epidermal layers of the skin 

(Nedoszytko et al., 2014). Significantly, both innate and adaptive immune systems are involved. 

In recent years, studies have implicated the primary cilia in regulations of multiple immune cells 

types. Particularly, ciliary disruption by loss of Ift88  significantly increased infiltration of 

macrophages, neutrophils, monocytes, and T cells (Zimmerman et al., 2017), possibly because 

certain immune cells need to repurpose the ciliary components to function as in the confirmed 

case of T-cells (Stephen et al., 2018). Monocytes of primary ciliary dyskinesia patients also 

showed increased levels of proinflammatory cytokines (Cockx et al., 2017). In normal cell 

homeostasis, the primary cilium is only present when the cell is not actively dividing (Sorokin, 

1968 ). Thus, the combination of highly proliferative keratinocytes and significantly higher 

infiltrating immune cells in psoriasis skin strongly suggests impediment of primary ciliogenesis. 

Therefore, it is important to (1) characterize ciliogenesis in psoriatic human skin and (2) employ 

the imiquimod-induced psoriatic mouse model to further explore the dynamics between psoriatic 

inflammation and cilia formation. In this context, the K14Cre ERT;Ift88 fl/f and K14Cre ERT mice that 

we already have would serve as great tools for this study.  

 

In the lab setting, psoriasis has been induced in mice by treating their shaved skin for 6 

consecutive days with 0.0625g of topical 5% Imiquimod to obtain peak psoriasis (skin 

thickening, redness, scaling/flakiness, immune cell infiltration) on the 7th day (one  day after last 
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treatment) and to record complete recovery of skin phenotypes on the 30th day (24  days after 

last treatment) (Grine et al., 2015; Moos et al., 2019; van der Fits et al., 2009; Wohn et a., 2014; 

Wu et al., 2004). Thus, by treating the K14Cre ERT;Ift88 fl/f and K14Cre ERT mice the same way 

(Figure 4.2 ), we can compare their psoriatic peaks and recovery speed.  

Figure 4.2: Schematic of mouse treatment for psoriasis project. K14Cre ERT;Ift88 fl/f and 

K14Cre ERT mice are injected with Tamoxifen (TAM) at 8 weeks old for 3 consecutive days. Their 

backs are shaved one week post TAM injection and allowed 2 days for recovery of any possible 

nicks on skin. Experimental mice are treated for 6 consecutive days with 0.0625g of topical 5% 

IMQ cream on the right side of their back and equal weight of Vitamin E cream from CVS on the 

left side of their back. This Vitamin E side will be used as endogenous control and rubbing 

control. “No treatment” mice are negative controls to compare with Vitamin E-treated skin in 

case IMQ-treatment produces a systemic response that also severely affects the Vitamin 

E-treated skin. 3-4 mice from each group are euthanized and their skin samples are collected at 

1 day, 8 days, and 24 days post cream treatment. Pictures of backs are taken each day of 

treatment and at 1 day, 8 days, and 24 days post cream treatment for visual comparison.  

 

Comparison of epidermal thickness (measurement and H&E staining), redness (observation), 

scaling/flakiness (observation), immune cell infiltration (IF staining, cell sorting, sequencing) 
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between untreated vs. vitamin E-treatment and IMQ-treated samples provides information on 

whether (1) IMQ treatment induces a systemic or localized inflammatory response, (2) loss of 

Ift88  causes skin to become more or less prone to psoriasis, and (3) loss of Ift88  speeds up or 

slows down post-IMQ recovery. Via IF staining with antibodies specific for different immune cell 

populations, we can better characterize if and how ciliogenesis influences particular immune 

cells or types of immune response. Bulk RNA sequencing and single-cell sequencing of the 

above samples also provide information on whether, which, and how cellular processes are 

impacted in IMQ-treated samples with and without Ift88  loss.  

 

Our preliminary data have shown that we could effectively induce psoriasis in K14Cre ERT;Ift88 fl/f 

and K14Cre ERT mice as described (van der Fits et al., 2009; Wohn et a., 2014). At the same 

time, Ift88  loss seemed to worsen psoriatic characteristics (Figure 4.3 ), promising interesting 

findings in terms of immune cell participation. Our initial IF staining for the primary cilia in human 

psoriatic skin showed reduction in percent ciliation, which is consistent with finding in the 

reduction of mRNAs of HH proteins such as PTCH1 and GLI1/2 (Gudjonsson et al., 2008) and 

upregulation of WNT5A (Perez-Moreno et al., 2006; Reischl et al., 2007) in human psoriatic 

samples. However, Rizaldy et al., 2021 reported seeing an increase in primary cilia number in 

such samples and Taş and Avcı, 2004 reported significant regression of psoriatic plaques in 

patients treated with the HH inhibitor Cyclopamine. At the same time, the published dissertation 

by Si-Hyun Lee reported that activation of the HH pathway by SAG inhibited psoriasis 

development and that Ptch1  and Gli1  levels were reduced. However, it also presented findings 

that still need to be reevaluated because the published images used for analysis appeared to be 

of different magnification and did not appear comparable with or significantly support the drawn 

conclusions (Lee, 2016). Thus, analysis of a larger number of human psoriatic skin samples is 

still required to obtain more reliable data. Additionally, depending on the results of sequencing 

data analysis from our mouse study, we should follow up with IF staining of mouse and human 
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psoriatic skin samples for the affected cellular markers. If the final results confirm that disruptive 

ciliogenesis is correlated with loss of HH signaling and increase psoriasis symptoms, it will be 

relevant to investigate if ciliary rescue by Eupatilin may serve as an additional treatment for 

psoriasis.  

Figure 4. 3. Loss of Ift88  appears to promote psoriasis development. Representative H&E 

stained images of K14Cre ERT;Ift88 fl/f versus K14Cre ERT mice back skin one day post IMQ vs. 

Vitamin E treatment. Images were taken at 10X under a light microscope. Note that sizes of hair 

follicles and dermal cells are the same between samples.  

 

Furthermore, as aPKC has been found to be elevated in human psoriasis and suggested its 

association with the stimulation of TNF-α as well as the increase in natural killer T cells (Zhao et 

al., 2011). Taking into accounts the dynamics between aPKC and primary ciliogenesis 

(Drummond et al., 2018; Nguyen et al., 2020), aPKC and HH signaling (Atwood et al., 2013), 

aPKC and WNT signaling (Luna-Ulloa et al., 2011), aPKC and various T cells 

(Pfeifhofer-Obermair et al., 2012), as well as the reported loss of HH activity (Gudjonsson et al., 

2008; Lee, 2016) and a gain of WNT pathway (Perez-Moreno et al., 2006; Reischl et al., 2007), 

a closer look into potential regulation of psoriasis development by aPKC-cilia-immune cell 

interaction may provide useful mechanistic and therapeutic information.  
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Challenges in targeting aPKC and GLIs as cancer therapies 
 

aPKC involvement in cancer development was initially characterized in UV-induced tumors 

(Huang et al., 1996). Since then, its roles have been quickly implicated in leukemia (Murray and 

Fields, 1997), pancreatic cancer (Scotti et al., 2010), endometrial carcinoma, non-melanoma 

skin cancer (Gao et al., 2013), invasive breast cancers (Paul et al., 2014), lung cancers 

(Neiderst et al., 2015; Oser et al., 2015), basal cell carcinoma (Atwood et al., 2013; Mirza et al., 

2017), bladder/urinary tract cancer, stomach cancer, ovarian cancer (Sarkar et al., 2017), 

colorectal cancer (Choi et al., 2018), prostate cancer (Apostolatos et al., 2018), and more 

(Reina-Campos et a., 2019). At the moment, several chemical inhibitors of protein kinase C 

isozymes have been approved by the U.S. FDA for specific disease and cancer treatments 

while some are in various phases of clinical trials. However, since PKC isozymes contain highly 

conserved domains and participate in a wide range of normal cellular functions, it is crucial to 

have small molecule inhibitors that are specific for each isozyme to minimize negative impact on 

normal tissues surrounding tumors.  

 

The PKC inhibitors midostaurin (PKC-412, by Novartis Pharmaceuticals Crop.) was approved to 

treat adult patients with new diagnosis of FLT3-mutated acute myeloid leukemia (AML) while 

enzastaurin (DB102, Denovo Biopharma LLC) was granted a fast-track designation as a 

treatment for glioblastoma (GBM) and colorectal cancer (Graff et al., 2005) in conjunction with 

its phase 3 ENGINE trial for CD20 + diffuse large B-cell lymphoma (DLBCL) (Freund et al., 

2020). Similarly, Hypercin was approved to treat cutaneous lymphoma (Montoya et a., 2015). At 

the same time, LXS196 are still in clinical trials for metastatic uveal melanoma (Kapiteijn et al., 

2019) and aurothiomalate (ATM) for advanced non-small-cell lung cancer, ovarian cancer as 

well as pancreatic cancer (Mansfield et al., 2013). Yet, no small molecule inhibitor of aPKC has 

been specifically approved for cancer treatment.  
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Sodium aurothiomalate or ATM is FDA-approved for rheumatoid arthritis (Schattenkirchner et 

al., 1982) and has shown to inhibit aPKC (PKCɩ) PB1-domain from interacting with adaptor 

proteins Par6 and p62 (Butler et al., 2015; Erdogan et al., 2006) while effectively blocking 

transformed growth of NSCLC cells (Regala et al., 2008; Stallings-Mann et al., 2006). Since the 

Cdc42-aPKC-Par6 polarity complex restricts formation of primary cilia (Drummond et al., 2018), 

inhibiting this complex via inhibition of aPKC by ATM in aPKChigh/ciliogenesislow cancers may 

potentially rescue ciliary loss and restore cellular homeostasis to some degrees. The ongoing 

phase I clinical trial of ATM to treat advanced NSCL, ovarian, and pancreatic cancers (Mansfield 

et al., 2013), if yields promising cancer inhibitory effects, will likely be expanded into several 

other carcinomas that display overexpression of aPKC and diminished ciliation such as breast, 

renal, esophageal, and prostate cancers.  

 

In recent years, the myristoylated peptide inhibitor of aPKC (PSI) has been widely used in 

research labs to study the impact of aPKC inhibition (Atwood et al., 20123; Mirza et al., 2017; 

Ussher et al., 2009) and has shown significant improvement in potency. However, 

peptide-based inhibitors are not clinically useful due to instability and poor tissue penetration. 

Therefore, even though PSI is often proposed as a targeted cancer treatment for its specificity 

and potency, the needs for more effective and stable aPKC inhibitors are fiercely growing. At 

the moment, 𝞯-Stat (NSC37044), ICA-1, ACPD (2‑acetyl‑1,3-cyclopentanedione) and DNDA 

(3,4-amino-2,7-naphthalene disulfonic acid) appear to be more appropriate candidates for 

clinical aPKC inhibition, especially because 𝞯-Stat has been found to decrease invasive 

behaviors of aggressive clear cell ovarian carcinoma (CCOC) (Smalley et al., 2020), ICA-1 to 

reduce migration and cell division in malignant melanoma (Ratnayake et al., 2018), ACPD and 

DNDA to reduce cell proliferation and induce apoptosis in prostate and lung cancer cells, 

respectively (Apostolatos et al., 201; BommaReddy et al., 2020). But until one or all of these 

novel compounds are approved for clinical studies, the clinical outcome of ATM will remain as 
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the focus of therapeutic advancement.  

 

Various SMO inhibitors have also been approved by the FDA and/or EMA, the European 

Medicines Agency, as BCC treatments including saridegib, itraconazole, sonidegib, and 

vismodegib (Jamieson et al., 2020). By inhibiting SMO, these drugs indirectly enhance the 

inhibition of GLI proteins by SUFU and, thereby, reducing HH pathway activities in tumors. 

Unfortunately, resistance to SMOi develops rather quickly due to selective mutations in SMO at 

various amino acid residues to impair drug binding pocket on SMO or render SMO constitutively 

active (Atwood et al., 2015; Pricl et al., 2015). Increasing evidence also indicates that GLI1 can 

be activated independent of SMO through activation of RAS/MAPK (Kuonen et al., 2019; Zhao 

et al., 2015), mTOR (Wu et al., 2017), and TGFβ (Kuonen et al., 2018; Yao et al., 2020) 

pathways. Thus, each of these pathways can be potential therapeutic targets for BCC and other 

cancers with upregulated HH signals such as acute myeloid leukemia.  

 

Three mTOR inhibitors have gained approval in the United States for their immunosuppressive 

ability: sirolimus, everolimus, and temsirolimus. Everolimus is approved to treat metastatic 

breast cancer (Royce and Osman, 2015) while both temsirolimus and everolimus are approved 

for treatment of advanced renal cell carcinoma (Patel et al., 2016). Recently, everolimus has 

been shown to be effective in reducing BCC growth in mice (Chow et al., 2020) and has been 

studied in patients with multiple BCCs (Eibenschutz et al., 2013), offering a potential alternative 

therapy for advanced and SMOi-resistant BCCs.  

 

At present, no TGFβ inhibitors have been approved for clinical treatment. Fresolimumab 

(CG1008), a monoclonal antibody approach, was investigated as a treatment for advanced 

malignant melanoma and renal cell carcinoma in a phase I study (Morris et al., 2014). 

Additionally, the small molecule inhibitor galunisertib (LY2157299) was in phase II trial but was 
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discontinued by the company due to cost (Ciardiello et al., 2020). AVID200, a TGFβ 1 and 3 

inhibitor, has been cleared for phase I clinical trials to treat solid tumors (Yap et al., 2020). Since 

the TGFβ pathway involves not only cell proliferation, angiogenesis, and 

epithelial-to-mesenchymal transition but also in immunomodulation, it is challenging to find a 

TGFβ inhibitor that does not pose dangerous side effects on patients.  

 

Fourteen on-going clinical trials are taking place to evaluate the safety of RAS/MAPK inhibitors 

in various aggressive cancers such as multiple myeloma, melanoma, lung cancers, colorectal 

cancer, and liver cancers with promising results (Braicu et al., 2019). Of note, more than 50% of 

metastatic melanoma with BRAFV600 mutation showed response to vemurafenib which increased 

patients’ overall survival by 16 months (Sosman et al., 2012).  However, most of these trials are 

of combinatorial drug studies because resistance caused by mutations in important kinases 

within this signaling pathway readily occurs. Taking into account the vast roles of MAPK 

signaling in orchestrating both external and internal stimuli, a more targeted research approach 

using the CRISPR/Cas9 system may unveil better and more specific therapy targets.  

 

Targeting GLIs, the ultimate downstream effectors of the HH pathway, is also a primary focus of 

BCC drug development. To date, only arsenic trioxide (ATO) has been evaluated in both 

preclinical and clinical settings for BCCs. ATO is already approved as a non-chemo drug for 

acute promyelocytic leukemia (APL) (Zhang, 2017), thus expanding the treatment scopes of this 

compound to BCC would be both cost and time effective. However, the effects of ATO on the 

three GLI homologs are complex. ATO can efficiently inhibit GLI1 and GLI2, the major activators 

of the HH pathway, through impeding the trafficking of GLI1/2 to the primary cilia for subsequent 

activation (Beauchamp et al., 2011; Kim et al., 2010). Yet, studies have shown that ATO also 

reduced the formation of GLI2R/GLI3R to activate the pathway (Fei et al., 2010; Li et al., 2016). 

Hence, a combinatorial therapy involving ATO is likely needed to effectively treat BCC tumors. 
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Encouragingly, the combined treatment of ATO and oral Itraconazole, an antifungal, has been 

found to reduce the level of Gli1 mRNA by 75% percent (Ally et al., 2016). Nevertheless, 

adverse effects during the course of treatment are of major concerns. In BCC patients, grade 2 

transaminitis, grade 4 leukopenia, and grade 3 infection were recorded in 2 out of 5 patients 

(Ally et al., 2016). Additionally, 38 of 99 APL patients treated with ATO developed prolonged 

QTc intervals, potentially causing life-threatening ventricular arrhythmia in patients (Barbey et 

al., 2003). Torsade de pointes, a form of polymorphic ventricular tachycardia, has also 

developed in rarer cases of APL (Hai et al., 2015; Naito et al., 2006; Yamazaki et al., 2006). 

Therefore, more studies are needed to determine safer dosage and combinations for ATO.  

 

Genistein is another GLI1 inhibitor currently under clinical evaluation for prostate cancer, 

bladder cancer, and lymphoma. In presurgical bladder cancer patients, genistein significantly 

reduced the level p-EGFR staining in the experimental group as compared to the placebo group 

with very mild side effects (Messing et al., 2012). The combination of genistein and bisphenol A 

can also suppress lymphoma growth in mice (Yakimchuk et al., 2018). In diffuse large-cell 

lymphoma, genistein enhances the effectiveness of CHOP (cyclophosphamide, doxorubicin, 

vincristine, and prednisone) therapy in cell lines and xenografts (Mohammad et al., 2003). 

Taking into account its overwhelming inhibitory effects on cell detachment, invasion, as well as 

metastasis in prostate cancer (Bilir et al., 2017; Pavese et al., 2014) with absence of genotoxic 

effects (Miltyk et al., 2003), genistein offers a positive outlook for an expansion into epithelial 

carcinomas as BCC.  

 

Finally, the small molecular inhibitor of GLI1 and GLI2, GANT61, has been extensively studied 

in the preclinical setting and demonstrated to be an effective selective inhibitor of GLI1 and 

GLI2-mediated transcriptional activity. In T-cell lymphoma cells, GANT61 down-regulated 

p-STAT3 and SOCS3 via downregulation of GLIs (Geng et al., 2017). In hepatocellular 

93 



carcinoma cells, GANT61 treatments prevented sphere formation, migration, proliferation, and 

viability when combined with Ras-Raf-MEK inhibitors U0126 or sorafenib (Harada et al., 2020). 

In glioblastoma cells, GANT61 appeared to strengthen temozolomide treatment by increasing 

DNA damage and apoptosis (Li et al., 2016). In prostate cancer, GANT61 also sensitizes 22Rv1 

PCa cells to radiation (Gonnissen et al., 2016) and GANT61/GANT58 inhibits prostate cancer 

xenografts in mice (Lauth et al., 2007). Similarly, the combination of GANT61 and obatoclax 

killed melanoma cells more efficiently by repressing MITF transcription and thereby further 

inhibiting Bcl2 (Vlčková et al., 2016). Moreover, the GANT61-rapamycin combination strongly 

eliminated the pancreatic stem cell population (Miyazaki et al., 2016). However, in the context of 

BCC, neither GANT61 nor GANT58 has been investigated. (Atwood at al., 2014; Carpenter and 

Ray, 2019).  

Table 4.2. Possible chemical therapies to treat SMOi-resistant BCCs 

In consideration of (1) the similarities between BCC and several cancers discussed above, (2) 

the high resistance rate to current BCC treatments with SMOi, and (3) the clinical pressure of a 

large number of existing advanced and metastatic BCC cases, we highly support clinical trials to 

(a) expand or repurpose already approved drugs, (b) evaluate chemicals that have shown 

promising results in preclinical studies, and (c) assess more combinations of approved as well 

as unapproved potential drugs to treat BCCs.  
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Summary 

 

The work described in this dissertation contributes significantly to the current understanding of 

the roles that aPKC and PKA assert on HH signaling in normal homeostasis and BCC 

tumorigenesis. In chapter 2, our findings implicate aPKC-ciliogenesis dynamics in drug-resistant 

BCCs. We show that increased expression of aPKC in human BCCs corresponds with less 

ciliation. In contrast, shRNA knockdown of ciliary genes significantly induced aPKC protein 

expression while overexpression of constitutively active aPKC isoform reduces the effectiveness 

of the SMOi vismodegib. In addition, sequencing analysis of resistant BCC tumors 

demonstrates enhancement of mRNA level for aPKC kinase domain isoform in correlation with 

marked increase in ciliome mutational load. In chapter 3, our work provides evidence that 

provokes major reassessment for the commonly accepted views that GLI1 could only be 

completely degraded and the carboxyl-terminally truncated GLI2 worked as a transcriptional 

repressor. We show that loss of phosphorylation by PKA on GLI1 via artificial phosphodead 

mutation or BCC clinical mutations near the PKA-phosphosites on GLI1 increases HH pathway 

activity and promotes BCC growth. We also reported, for the first time, that a truncated protein 

product of GLI1 is enhanced when all three PKA-sites were phosphomimetically mutated, 

suggesting that GLI1 can also be partially degraded by the SCFβTrCP-mediated proteasomal 

complex. Taking these results together, we propose that C-terminal truncation of GLI1 and GLI2 

abolishes the  transcription activation function of these proteins but does not enable their 

transcription repression function.  

 

In conclusion, we encourage additional investigation into the PKA-GLI1/GLI2 relationship and 

the aPKC-ciliogenesis dynamics to corroborate our report. We enthusiastically endorse more 

exploration into GLI inhibitors and aPKC inhibitors as alternative pharmacotherapies for 

appropriate SMOi-resistant BCCs and other aPKChigh/ciliogenesislow cancers.  
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Ethics statements  

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 (2009-7083). 

 

Data Availability Statement 

Datasets related to this article can be found at 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE58377, hosted at GEO with reference 

number GSE58377 (Atwood et al. 2015); National Institutes of Health Sequence Read Archive 

SAMN07507265−SAMN07507288 (Chiang et al. 2018); European Genome-Phenome Archive 

(EGA, http://www.ebi.ac.uk/ega/) hosted by the EBI, under accession number 

EGAS00001001953 (Northcott et al. 2017); and 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE129730, hosted at GEO with 

reference number GSE129730 (Ocasio et al. 2019). 

 

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 μm for analysis.  

 

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 . NOD SCID mice of the same age were placed under general anesthesia 

while their backs were shaved and 10 6 cells overexpressing the indicated constructs were 
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injected subcutaneously to the indicated sites. Mice were checked for signs of tumor formation 

and tumors, when presents, were measured. At the end of treatment, mice were sacrificed and 

their tumors were collected. n=4–9 mice. Ptch1 +/-;K14-creER2;p53 flox/flox mice were injected with 

tamoxifen at 100µg/100µL to induce BCC tumors. One week post-TAM injection, mice are 

treated topically with DMSO or 0.8 mg kg -1 PSI twice daily for 32 consecutive days and tumors 

were harvested and paraffinized.  

 

RNA Sequencing Analysis 

RNA-seq data were obtained from patient-matched advanced human BCC patients (Atwood et 

al. 2015). 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). The RNA-seq data were quality trimmed using 

Trimmomatic (Bolger et al. 2014) and aligned to the ENSEMBL human reference transcriptome 

(GRCh38.93) modified to include the aPKC kinase domain (exons 9-18) with STAR (Dobin et al. 

2013). Bedtools was used to extract the counts of read mapping to the exons of aPKC. 

 

Exome Sequencing Analysis 

Exome-Seq data were aligned as previously described (Atwood et al. 2015; Chiang et al. 2018). 

Mutations per sample were calculated for the indicated genes and displayed using a heatmap. 

Mutations per megabase were calculated for each sample set with the sample-matched overall 

mutation rates (all exome) used as a control. 
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Cell culture, drug treatments, and quantitative RT-PCR 

ASZ001 cells (So et al. 2006) were grown in 154CF/PRF media kit (Life Technologies, 

M154CFPRF500) supplemented with 1% Penicillin/Streptomycin (Life Technologies, 

15140122), 2% FBS (Life Technologies, 10437028) chelated overnight with Chelex® 100 Resin 

(Bio-Rad, 1422822), and 0.07mM CaCl2. NIH3T3 cells (ATCC, CRL 1658) were grown in 

DMEM media containing 10% FBS and 1% Penicillin/Streptomycin. MCF10A cells were grown 

in DMEM/F12 supplemented with 20% horse serum, EGF (20 ng/ml), hydrocortisone (0.5 

mg/ml), cholera toxin (100 ng/ml) and insulin (10 μg/ml). MDA-MB-231, MDA-MB-468 and 

MCF7 cells were grown in DMEM with 10% FBS, insulin (10 μg/ml), and 1mM sodium pyruvate. 

MCF7 cells were additionally supplemented with 2mM L-Glutamine. T47D cells and HCC1569 

cells were grown in RPMI supplemented with 10% FBS and insulin (10 μg/ml). Primary mDCs 

were isolated as previously described (Woo et al., 2013). At confluence, cells were 

serum-starved +/- Shh-N ligand (1:100) with or without DMSO (BP2311, Fish Scientific), 100nM 

vismodegib (501100852; Fisher Scientific), or 10 µM myristoylated PSI (Atwood et al., 2013) for 

24 hours  unless otherwise specified. 

 

RNA was harvested with the Direct-zol RNA MiniPrep Plus kit (ZYMO Research, R2072). 

Quantitative RT-PCR was performed using the iTaq Universal SYBR Green 1-Step Kit (Bio-Rad, 

1725151) on a StepOnePlus Real-time PCR system (Applied BioSystem) using primers for Gli1 

(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′), mApple  (forward: 5’-ACCTAC 

AAGGCC AAGAAG CC-3’, reverse: 5’-GCGTTC GTACTG TTCCAC GA-3’), Kif3a  (forward: 

5’-CAGACT GGGACA GGCAAG AC-3’, reverse: 5’-TTTCTT TTTACC TGCTTG GTCCCT-3’), 

Alms1  (forward: 5’-TGTGCA GGAGTC TCATGG TT-3’, reverse: 5’-TCTCCC CAGGAG 

ATGATT GGT-3’), Cdh23  (forward: 5’-ACTGGC TCACAG AGGAGA GT-3’, reverse: 
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5’-CAGAAG AGGCTT GCCCTG G-3’), Grp98  (forward: 5’-AATAGT CTGCAG GGACTT 

TATGTT T-3’, reverse: 5’-CAGCTG GAGGTA TTCCGC TC-3’), Pcdh23  (forward: 5’-TCTTGG 

CACAGG GACCTA CT-3’, reverse: 5’-CGTATT GCCAGT CATCGT CA-3’), Ush2a  (forward: 

5’-AACCCA TGTGGG ATTAGC CG-3’, reverse: 5’-GAGGTG GGTGTC GGTAAA GG-3’), Prkci 

(forward: 5’-AAGGAA CGATTG GGTTGT CACCCT-3’, reverse: 5’-AAGGGT GGAACC 

ACCTGC TTTTGC T-3’). Fold change in mRNA expression of target genes was measured 

using ΔΔCt analysis with Gapdh  as an internal control gene. Experiments were repeated at 

least three times and data represented as the mean of triplicates ± SEM. 

  

Immunofluorescence 

Human and mouse 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 100°C for 10 min. Control, transfected, or virally infected cells were seeded in respective 

growth media. At confluence, the cells were serum starved for 24 hours, then fixed with 4% 

paraformaldehyde for 15 minutes or 100% methanol for 10 min in 1% normal horse serum. 

Samples were then blocked in PBS containing 3%–10% BSA and 0.1% Triton X-100 for 30 

minutes. The following antibodies were used: rabbit anti-γ-tubulin (1:1000, SAB4503045; 

Sigma), mouse anti-ARL13B (1:1000, 75–287; Antibodies Inc.), rabbit anti-RFP (1:1000, 

RL600-401-379; Rockland), rabbit anti-aPKC (1:500, sc-216; Santa Cruz Biotechnology), rabbit 

anti-p-aPKC T410 (1:500, sc-12894; Santa Cruz Biotechnology), rabbit anti-GLI1 (1:500, 

AF3455; R&D Systems), rabbit Phospho-PKA Substrate RRXS*/T* (9624, Cell Signaling), rabbit 

anti-ß-TrCP (ab188511, Abcam),  rabbit anti-P-T304 GLI1 (1:200), rabbit anti-Pard6a (1:100, 

sc-25525; Santa Cruz Biotechnology), and mouse anti–acetylated tubulin (1:2,000, T7451; 

Sigma) (Drummond et al. 2018). Secondary antibodies included Alexa Fluor 488, 546, and 647 

(Jackson ImmunoResearch). Slides were mounted in Prolong Diamond Antifade Mountant with 

DAPI (P36962, Molecular Probes). Confocal images were acquired at room temperature on a 
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Zeiss LSM700 laser scanning microscope with Plan-Apochromat 40× and 63× oil immersion 

objectives. Fluorescent images were acquired at room temperature on an EVOS FL Color 

Imaging System with Plan Fluorite 40× objective. Images were arranged with ImageJ, Affinity 

Photo, and Affinity Designer.  

  

Western blotting 

Cells or tissues were lysed with 2× SDS sample buffer (100 mM Tris HCl 6.8, 200 nM DTT, 4% 

SDS, 0.2% bromophenol blue, and 20% glycerol) and boiled at 95°C for 15 minutes. Samples 

were resolved on a 4–12% polyacrylamide gradient gel and transferred to nitrocellulose 

membrane by a wet transfer apparatus. Membranes were blocked with 5% milk in TBS with 

0.05% Tween-20 before addition of antibodies: rabbit anti-aPKC (1:1000, sc-216; Santa Cruz 

Biotechnology), mouse anti–ß-Tubulin (1:5000, E7;DSHB), rabbit anti-RFP (1:1000, 

RL600-401-379; Rockland), rabbit Phospho-PKA Substrate RRXS*/T* (9624, Cell Signaling), 

rabbit anti-ß-TrCP (ab188511, Abcam), and Alexa Fluor secondary antibodies. Membranes 

were imaged and quantified using the LI-COR Odyssey CLx imaging system with built-in Image 

Studio software.  

  

Generation of stable cell lines 

piggyBacTM transposons containing sequences for full-length wildtype PRKCI (aPKC-FL), 

full-length K274W PRKCI (kinase dead, aPKC-KD), or PRKCI 235-587 (constitutively active, 

aPKC-K), full-length wildtype GLI1  (GLI1 WT) and indicated GLI1  mutations were co-transfected 

with piggyBac™ transposase using Lipofectamine ® 3000 reagent (L3000150, 

LifeTechnologies) or PEI (NC1038561, Fisher Scientific) per manufacturer’s protocols. 

Transfected cells were selected in 500µg/mL Geneticin G-418 (50841720, Fisher Scientific) for 

1 additional passage after all non-transfected control cells died. Stable cells were then 

maintained in regular culture media for at least 3 additional passages prior to experiments.  
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Lentiviral knockdown 

Lentiviral pLKO.1 vector (Open Biosystems) containing shRNAs to Prkci  (5′-CCAGAC AGAAAG 

CAGGTT GTT-3′; Atwood et al. 2013), Kif3a  (5′-TCCGCC AGTTTC AGAAAG AAA-3′); or pGIPZ 

ires GFP vector containing shRNAs to Alms1  (5’-TAGAAG TTAGTT TGTCCTG GC-3’), Cdh23 

(5’-ATTGAT GACGAT CTTCAC GCG-3’), Grp98  (5’-TATAAA GTCTAT CATTGG TGG-3’), 

Pcdh15  (5’-AATAGG GTTCAG TTCTTC CGG-3’), Ush2a  (5’-TTGATG ATAATG TGTCGC 

G-3’), BTRCP (5′-CGTCAGAGTGTGGGATGTAAA- 3′) or pSicoR-puro vector containing 

shRNAs to Mtss1 (5′-GCAAGGCACTCATCG AAGA-3′; Bershteyn et al., 2010) were used. 

Lentiviral infection was performed on ASZ001 and/or NIH3T3 cells and assayed between 2 and 

6 days depending on the efficiency of knockdown, as determined by mRNA levels using 

RT-qPCR. 

 

Luciferase activity assay 

NIH3T3 cells seeded on 24-well plates were transfected with empty vector and/or Gli1 

constructs (total of 1.5 µg/sample) as indicated along with pGL3B_GLI1BS6X_luc plus renilla 

reporter plasmids using PEI at ~60% confluence. After 12 hours, the medium was replaced with 

a fresh growth medium containing Shh-N (1:100). The cells were harvested after 24 hours and 

luciferase activity was measured with the stop-glo dual luciferase reporter assay system (E1910, 

Promega) according to the manufacturer’s instruction. Cells were lysed with 200 uL of reporter 

lysis buffer at room temperature. 20 uL of the supernatant was mixed with 100 uL of buffer LAR 

II, and the absorbance was immediately measured on the Berthold Sirius Single tube 

luminometer. After 3s, 100 uL of Stop & Glo Reagent was added to measure the Renilla 

luciferase activity. The value from the first reading was divided by the value from the second 

reading of each sample to obtain the luciferase activity. Each experiment was repeated three 

times. 
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In vitro kinase assay 

GST-tagged GLI1 fragments spanning 501 st– 680 th amino acids with wild-type or mutated 

sequences were cloned into protein expression vectors and harvested. GST-tagged GLI1 

proteins were immunoprecipitated with anti-GST A/G plus beads for 1 h. The immunocomplexes 

were divided: one half was incubated with 0.4 ng of recombinant PKA catalytic subunit per 

manufacturer's protocol (NEB) and 10 uCi of [𝛾- 32P]ATP at 30 °C for 30 min and the other half 

was diluted in 2xSDS sample buffer then run on 10% SDS-PAGE gels with subsequent 

Coomassie staining. The kinase reactions were terminated by adding 2xSDS sample buffers, 

and the samples were separated by 10% SDS-PAGE and dried, followed by autoradiography. 

Relative kinase activity was calculated by dividing autoradiography signal by corresponding 

Coomassie signal on the same sample. Experiment was repeated n ≥3.  

 

Statistics 

Statistical analyses were done in GraphPad Prism using two-tailed t tests. 
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