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Abstract
Development of Delivery Vehicles and 3-Dimensional Cancer Models to Investigate
Gli Inhibition in Basal Cell Carcinoma
Meghan W. Dukes

The worldwide community of patients affected by Basal Cell Carcinoma of the skin
(BCC) is larger than that of any other cancer. While BCC is rarely lethal, currently available
treatment strategies often leave patients with disfiguring scars on their faces, heads, and necks.
Moreover, the high recurrence rates of BCC require patients to be conscious of tumor growth
throughout the entirety of their lives. This presents two primary research needs for the BCC field
at large: 1) more effective treatment strategies that can circumvent the need for surgical resection
and 2) strategies to prevent the re-growth of BCC for existing patients. This thesis describes
efforts towards addressing both needs with a focus on fundamental understanding of the driving
forces in BCC pathology and intervention.

The first focus is towards rational design of therapeutic strategies to inhibit the Hedgehog
(Hh) signaling cascade, the primary oncogenic driver in BCC. Gli transcription factors, the
ultimate regulators of Hh signaling, are an attractive target for therapeutic intervention. Cobalt
complexes interact with the zinc binding loci of these transcription factors, altering secondary
structure and DNA binding affinity. Chapter 2 describes a cobalt complex targeted to Gli and
efforts towards delivering it intracellularly for inhibition of Hh pathology in an in vitro BCC
assay.

The second focus is understanding the process of early Hh activation in cellular systems
to elucidate mechanisms connecting pathway activation to oncogenesis. Chapter 3 describes

exogenous activation of Hh signaling at two different points in the pathway, mimicking two
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different mutations observed in BCC. Hh inhibitors are explored for their potential to prevent Hh
activation in a cellular model of organogenesis. Further, the activation of Hh signaling is
explored in normal human epidermal keratinocytes (NHEK), the population of cell in which
BCC arises.

Chapter 4 describes the development of more complex 2-dimensional and 3-dimensional
cellular assays with the ASZ murine BCC cell line to evaluate established disease progression.
The first assay explores transwell migration of ASZ cells through a porous membrane and
response to Hh inhibition. The second explores the incorporation of ASZ cells into a 3-D
organotypic model of the fully stratified human epidermis. The changes in tissue phenotype and
pathology are explored in response to increasing cancer incorporation as well as Gli inhibition.
Ultimately, the first reported 3D model of BCC is described that mimics pathology of patient

BCCs and is responsive to Gli inhibition.
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1.1 Overview of Basal Cell Carcinoma: Prevalence, risk factors, recurrence, and survival
Keratinocyte cancers, or non-melanoma skin cancers (NMSCs), are the most commonly
diagnosed cancers worldwide.™ 2 In the United States alone, 1 in every 3-5 Caucasian people are
expected to develop an NMSC in their lifetime with estimates as high as 4 million cases
diagnosed each year.>> Approximately 80% of all NMSCs are characterized as basal cell
carcinomas (BCC) where uncontrolled growth of the basal cell population of the epidermis leads
to tumorigenesis (Scheme 1.1).% 7 The overwhelming number of BCC diagnoses requires ample

research and medical attention for the development of effective treatment and prevention

strategies.
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Scheme 1.1: Carton representation of epidermal layers and the growth of BCC. Tumor cells
originate from the stratum basale where they maintain stemness and hyperproliferative

capacity. As the tumors progress, they begin to migrate through the dermis where they
eventually detach from the basement membrane.

Gorlin Syndrome (GS) is a rare autosomal dominant disease that comprises a small
percentage of the BCC community and approximately 0.05% of the population at-large.® 90% of
patients with GS experience the uncontrolled growth of multiple BCCs alongside myriad other
developmental abnormalities.® Sporadic BCC accounts for the predominant population of BCC
patients. The primary cause of sporadic BCC is prolonged exposure to ultraviolet (UV) radiation

from the sun.l® 1! The risk of developing BCC increases with light-skin pigmentation, age, and
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sunburn frequency during youth.! Other risk factors include family history of melanoma,
blonde/red hair phenotype, and men are more susceptible to BCC than women. ! 13

A significant burden to the BCC patient community is the high rate of recurrence.
Depending on the likelihood of recurrence, BCC is clinically designated as low or high risk.1*
However, BCC more commonly recurs on an entirely different location on the body. For primary
tumor locations, the recurrence rate depends heavily on the method of treatment (discussed in
depth in Section 1.2) with a range from 1-70% after 5 years.'® 1 Larger tumors also experience
an increased likelihood of relapse.’® More strikingly, the three-year risk of developing a second
BCC lesion is estimated between 41-44%,™ 1% and the likelihood increases with each
additional lesion. Once diagnosed, approximately 50% of patients will battle BCC again.

BCC is classified in three primary identities: superficial (10-30%), nodular (60-80%), and
morpheaform/infiltrative BCCs (<10%).” 2° Each differs in both physical and histopathological
behavior?! and exhibits differential relapse rates. Superficial and nodular BCCs are less likely to
recur, whereas infiltrative BCCs are more challenging to permanently treat.?> Additionally, the
different subtypes have variable occurrence rates on different skin areas. Nodular BCC is most
commonly found on the face while superficial BCC more frequently effects the torso and
hands.?® Infiltrative BCC is the most aggressive form and can often lead to the destruction of
nearby healthy tissue.?* Due to these differences in risk classification and behavior, selective care
must be taken when deciding which treatment option to pursue for an individual BCC patient.

The overall survivability of BCC is very high with estimates for mortality being less than
0.5%.2%> 26 However, the extremely high number of BCC diagnoses means that even a small

mortality rate produces significant BCC related cancer deaths.” The American Cancer Society
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estimates this population effect at around 2,000 NMSC related deaths annually, primarily
attributed to complications with advanced, metastatic BCC.

1.2 Predominant treatment options for BCC

Treatment strategies for BCC vary by subtype of disease, size of the lesion, and patient
age and preference. While the following list does not represent every option for BCC therapy,
several are discussed below. Table 1.1 outlines the advantages and disadvantages of each,

including any imperative patient restrictions.

1.2.1 Surgical Resection

Surgical intervention is by far the preferred treatment option for BCC owing to the high
rate of complete tumor clearance and low recurrence rates.®® Two common forms of surgical
intervention are wide local excision (WLE) and Mohs micrographic surgery (MMS). WLE relies
on over-estimating the boundary of a tumor to completely remove it in one surgical pass. While
this can be effective for tumors with well-defined margins, many BCCs are more complex with
unpredictable margins.2” WLE can result in recurrence rates as high as 50% over 10 years if a
tumor is not completely excised.?®

MMS was first described in 1941 by Dr. Frederic Mohs and is used to treat a number of
skin malignancies.?® *° The surgery is performed by shaving a lesion in thin sections and
evaluating each by microscopy to detect cancerous tissue. Further excision is performed only
where the tumor remains detected.! It promotes identification of complete tumor margins while
minimizing non-diseased tissue damage.3? For BCC specifically, Mohs surgery is more effective
than WLE in preventing tumor recurrence in both primary and recurrent lesions.®® 3 As such,

MMS is recommended for BCCs that exhibit more aggressive behavior and are situated at
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Treatment Advantages Disadvantages Patient Restrictions
e Low recurrence e Excision likely to be | e Elderly patients
rates upon incomplete and lead where surgery is
Wide local complete excision to higher recurrence considered risky

excision (WLE)

e Short procedure
times

rates
¢ Highly invasive

e Patients with tumors
on eyelids, lips, ears,
nose

e Promotes excision
of poorly defined
tumor margins

e Long treatment times
¢ Requires highly
trained physicians

e Elderly patients
where surgery is
considered risky

. Mohs . e Suggested for more and access may be e Patients with tumors
micrographic A . ) . L
aggressive/high risk limited for patients in on eyelids, lips, ears,
surgery (MMS)
tumors underdeveloped nose
e Minimizes harm to geographical areas
non-diseased tissue
e Can reach ¢ Use of ionizing ¢ NOT ADVISED
anatomical radiation FOR PATIENTS
locations that e Increases risk of WITH GORLIN
surgical excision melanoma SYNDROME
cannot (eyelids, ¢ Not as effective in e Not advised for
Radiation nose, lips, ears) larger tumors younger patients
therapy e Canbeusedin e Cannot determine

higher risk BCC

e Boosts efficacy of
incomplete surgical
resection when
used in tandem

complete clearance of
tumor tissue

Ablative laser
therapy

e Locally delivered, less
destructive to non-
diseased tissue

e Low recurrence rates

e Favorable cosmetic
outcomes

¢ Not applicable to
larger, deeper tissues

e May induce increased
sensitivity to the sun

¢ Not recommended
for patients with
high sunlight
sensitivity

e Patients with nodular
or infiltrative BCC

Photodynamic
therapy (PDT)

e Well characterized
mechanisms of
cytotoxicity

¢ Local administration
of non-harmful laser
light

e Safe for patients with
Gorlin Syndrome

¢ High variability of
treatment efficacy

e Multiple treatment
sessions

e Increased sensitivity
to sunlight

o Severely limited
depth penetration

¢ Not recommended
for patients with
high sunlight
sensitivity

e Patients with nodular
or infiltrative BCC
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Imiquimod
topical therapy

e Well characterized
induction of immune
response

e Topical, localized
application reduces
harm to healthy tissue

e Only approved for
small superficial
BCCs

e Many patients report
skin irritation

e Recurrence rates
understudied

e Patients with nodular
or infiltrative BCC

5-Florouracil
topical therapy

e Well characterized
inhibition of DNA
synthesis

e Topical, localized
application reduces
harm to healthy tissue

e High cure rate

¢ Not specific to tumor
tissue and may cause
harm to non-diseased
skin

e Many patients report
skin irritation

e Recurrence rates
understudied

e Patients with nodular
or infiltrative BCC

cosmetically sensitive locations to reduce disfiguration of the patient.3* However, Mohs surgery
requires surgeons to be highly trained on this complex technique and may be less available to
patients in underdeveloped geographical regions.?® Additionally, some patients may refuse
surgical intervention in general for personal reasons or are medically excluded as candidates. Of
primary concern are the potential cosmetic consequences of such an invasive procedure or

elderly patients being able to recover properly.

1.2.2 Radiation Therapy

BCC patients that cannot undergo or refuse surgical treatment for BCC require other
therapeutic options. For example, lesions on the eyelids, nose, lips, and ears can be extremely
challenging to completely excise surgically. Attempted excision may result in compromised
anatomical function or undesired cosmetic outcomes.*® Radiation therapy has emerged as one
alternative in these situations, primarily due to its ability to treat both low risk and higher risk

tumors.** Overall, the recurrence rate following radiation therapy alone is less than 10% over 5
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years.® Radiotherapy is also useful for post-surgical treatment when margins are poorly defined
or excision is incomplete.*’

Radiotherapy does, however, have limitations that are important to consider. Firstly,
efficacy is dependent on tumor size and should be reserved for smaller tumors.?® While older
patients that are not surgical candidates can benefit greatly from radiotherapy, younger patients
may experience undesired cosmetic decline over time.*® Additionally, any treatment with
ionizing radiation increases the likelihood of the development of other cancers, including
melanoma. Most importantly, radiotherapy is rarely recommended for patients with GS.®
Treatment with radiotherapy, even for non-skin cancer GS symptoms, may induce rampant BCC
growth.3® Additionally, the complete destruction of tumor tissue cannot be guaranteed or

determined without a more invasive follow-up.
1.2.3 Laser therapies

Low-risk nodular and superficial BCCs may also be non-invasively treated through a
variety of laser-based surgeries. Ablative therapy can be performed by carbon dioxide (CO2) or
doped yttrium aluminum garnet (YAG) lasers.*> Recurrence rates for this type of therapy are
remarkably low at less than 3%.%' Patients generally report favorable cosmetic outcomes
compared to surgical resection,*? though it is unclear if this is due to inherent differences in
tumor type. Mohs surgery is rarely used for smaller, lower risk, nodular/superficial BCCs but
laser treatments are. Scarring is logically expected to be less extreme for treatment of a smaller
tumor.

Another laser-based technique for BCC treatment is photodynamic therapy (PDT). The

mechanism of PDT is well characterized, and truthfully, most useful for the treatment of skin
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cancers. A photosensitizer is delivered either topically or systemically to a tumor and irradiated
with visible light that matches the excitation frequency of the sensitizer. The excited state
transfers energy to water, producing cytotoxic singlet oxygen (*O2) and other reactive oxygen
species (ROS) (Scheme 1.2).% Due to the limited depth penetration of visible light, PDT has
struggled to gain clinical approval for treatment of most cancers. However, PDT is an approved
treatment for BCC in 18 countries, excluding the United States.*> # In particular, superficial

BCC has been extensively studied as a model cancer for evaluating PDT efficacy.*

Laser Light

Photosensitizer
(excited state)

»

2. Relaxation
through energy
transfer

0,, H,0

3.Cell Death

1. Excitation

10,, H,0,

Photosensitizer
(ground state)

Scheme 1.2: Mechanism of PDT for cellular death. A photosensitizer is delivered to tumor
tissue and irradiated with laser light that matches its excitation wavelength. Upon relaxation,
energetic crossing transfers the energy to oxygen and water, generating cytotoxic singlet
oxygen (*0O,) and hydrogen peroxide (H20). Cell death is only observed where the laser light
is administered, limited damage to nearby healthy tissue.

The safety profile of PDT is ideal for a tumor that has such a high rate of recurrence.

The laser light is not harmful to tissue that does not contain photosensitizer and is locally

administered with high precision. PDT, however, carries some of the highest variability in
treatment efficacy with cure rates between 50-90% for primary tumors and as low as 20% for

recurrent tumors.'® Additionally, PDT can cause severe sensitivity to the sun post-treatment and
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may take several rounds to be maximally effective.*® In contrast to radiotherapy, PDT is safe for
patients with GS and effective in lesions with less than 2 mm depth (deeper tumors are not
treatable by PDT due to limited tissue penetration of laser light).* 4" Additional research and

optimization is required to improve the general efficacy of PDT against BCC.
1.2.4 Imiquimod and 5-Fluorouracil Topical Treatments

Imiquimod (Aldara; 3M Pharmaceuticals, Figure 1.1 A) and 5-florouracil (5-FU, Figure
1.1 B) are topical creams that are applied to BCC lesions for chemotherapeutic treatment.
Imiquimod is approved by the Food and Drug Administration (FDA) for the treatment of
superficial BCCs less than 2 cm in diameter and is being evaluated for efficacy in nodular
BCCs.*® Therapeutic effect is achieved through an immune response and induction of
apoptosis.*® 5-FU is similarly approved by the FDA for treatment of superficial BCCs. The
inhibition of nucleic acid synthesis is the primary mechanism of action. One study reported a

90% cure rate with patients experiencing minimal side effects.>® In both therapies, intense skin
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Figure 1.1: Chemical structures of imiquimod and 5-florouracil. Imiquimod functions
through an immunomodulatory response, and 5-florouracil inhibits DNA synthesis
machinery. These topical treatments are effective against low-risk superficial BCC.
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reactions are observed due to inflammation caused by imiquimod and lack of tumor specificity of
5-FU.28 5152 However, both therapies were found to be most effective when used in conjunction
with other treatment options, suggesting that their utility might be optimized synergistically.>® *3
Topical treatment is ideal for skin cancers- localized delivery minimizes the harm to healthy
tissues, specifically parts of the body completely unaffected by the cancer. However, superficial
BCC represents only 10-30% of the BCC patient population, severely limiting the number of

patients who could access these treatments.
1.3 The Hedgehog signaling cascade in BCC

In the 1990s, genetic evaluation of BCCs of patients with GS revealed the most important
discovery in BCC research history: BCC lesions are linked to mutations in the patchedl
(PTCHZ1) gene loci.>>" *8 Since then, it has become commonly accepted that the Hedgehog (Hh)
signaling cascade, of which PTCH1 proteins belong, is the primary oncogenic driver of BCC.5%-6
The Hh pathway is canonically activated (Figure 1.2) by the binding of Hh proteins to the
transmembrane protein PTCH1, which releases inhibition of smoothened (SMO). Suppressor of
fused (SUFU) is signaled to release glioma associated oncogene (Gli) transcription factors where
they are activated in the cytosol. Translocation into the nucleus activates the expression of target
genes for cellular processes such as proliferation and migration.5? ¢ Dysregulation of this
pathway is associated with many cancers but is causative of BCC. 5961 64 65 Ag sych, it is a
promising chemotherapeutic target for BCC.

Approximately 90% of sporadic BCCs arise from mutations of one PTCHL1 allele, and
10% harbor mutations to downstream protein SMO.%® Mutations in tumor suppressor p53 (p53)

are also commonly observed in BCC.% These mutations are consistent with genetic mutations
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Smoothened
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of Fused ©
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Figure 1.2: Key regulators of the Hedgehog signaling cascade. 1. Hh signaling is activated
by the binding of Hh proteins (Sonic hedgehog, Indian hedgehog, and Desert hedgehog) to
the transmembrane protein Ptchl. 2. Ptchl is a native suppressor of SMO activity. Upon the
binding of Hh proteins, inhibition is released. 3. Upon activation, SMO signals for the SUFU
complex to release the Gli family of transcription factors. 4. Gli transcription factors are
activated in the cytosol prior to translocating into the nucleus. 5. Gli transcription factors
transcribe pro-proliferative and migratory genes that lead to tumorigenesis in BCC. Crystal
structures images were made from the following Protein Data Bank files: Ptchl/SHH
complex, 6N7H. SMO, 6D35. SUFU/GIli complex: 4BLB. Glil, 2Gli.

commonly caused by UV exposure that ultimately lead to increased proliferation, maintained

stemness, and tumorigenesis. 23 58 67-69
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1.4 Chemotherapies that Target Hedgehog Signaling

While treatment for lower-risk BCCs is largely successful across the myriad treatment
options described above, patients who suffer from high risk infiltrative BCCs have fewer
treatment options.” Infiltrative BCCs are broken further into locally advanced BCCs (IaBCC)
and metastatic BCCs (mBCC) and often surgical resection is not an option for these patients.
While mBCC only occurs in less than 0.5% of cases,’® " it presents a unique treatment
challenge. The majority of metastasis is observed to the lymph nodes, lungs, liver, and bone.”
Prior to the development of chemotherapies targeting Hh signaling, median survivability for

mBCC patients was only 8 months.”?
1.4.1 Smoothened Inhibitors

The overwhelming majority of Hh specific therapies target the transmembrane protein
SMO. The first described SMO antagonist is Cyclopamine (Figure 1.3, A), a natural product
found in corn lily.”® Pregnant ewes that grazed on corn lily in ldaho produced offspring with
craniospinal defects, including cyclopia, that could not be explained.” 7 During the same time, a
connection between mutations in the Hh pathway genome and the occurrence of
holoprosencephaly (including cyclopia) in mammals was found.”® 7" After extensive research,
inhibition of SMO by what is now commonly referred to as Cyclopamine was then determined to
be the cause of the birth defects in the ewe litters.”® ™ While studied extensively as a
chemotherapeutic agent,8-%¢ Cyclopamine suffers from poor bioavailability due to lack of
solubility and stability.” However, the structural elucidation of Cyclopamine promoted the

development of analogs with improved biocompatibility.
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Figure 1.3: Chemical structures of smoothened inhibitors A) Cyclopamine. B) Vismodegib.
C) Sonidegib. While distantly related to Cyclopamine, Vismodegib and Sonidegib contain

structural similarities. All three inhibitors bind SMO in the same pocket. D&E) New
generation Vismodegib derivatives developed by Li et. al in 2019.

Two SMO inhibitors have received FDA approval for the treatment of advanced BCCs.
Vismodegib (GDC-0449, Erivedge®) is approved to treat recurrent, locally advanced, and
metastatic BCCs in patients who are not candidates for surgery or radiation therapy.®” Sonidegib
(Odomzo, Novartis) is approved for 1aBCC in patients who similarly are not candidates for
surgery or radiation therapy.®® Both inhibitors have shown great efficacy for patients whose
outcomes might have otherwise been poor, but they certainly are a far cry from the perfect
answer to BCC treatment. Approximately 50% of patients treated with Vismodegib have no
initial response, and of those that do, over 20% develop chemo-resistant tumor recurrence.8 %

Many of the mutations that lead to chemoresistance were identified in the drug target, SMO,
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suggesting that mutations of SMO structure in primary tumors may explain the lack of response
experienced by some patients.”: % Chemoresistant tumor recurrence is a significant issue
considering that BCC already exhibits such high recurrence rates. Vismodegib is administered
orally as this is the only way to ensure that metastases are effectively treated but means that all
areas of the body are exposed to the drug. BCC lesions that could grow in new locations might
also develop resistance to further Vismodegib treatment. Additionally, patients on these
treatments often experience untoward side effects such as muscle cramps, nausea, weight loss,
and decline of mental health that are not always tolerable.®® % However, chemoresistant
recurrence remains the highest concern.

In one study, researchers attempted to treat Vismodegib resistant tumors with Sonidegib
to test the hypothesis that a different SMO inhibitor might still be effective. The results of this
study concluded that patients with Vismodegib resistance are likely to progress if treated with
Sonidegib.® A limitation of this study is that Vismodegib and Sonidegib have similar chemical
structures (Figure 1.3 B&C, respectively) and bind SMO in the same location.®® It cannot be
concluded that all SMO inhibitors would fail to exhibit therapeutic efficacy, but only that
Sonidegib was not sufficient to overcome Vismodegib resistance.

Recent studies have expanded upon structural components of Vismodegib that have
resulted in more effective therapeutics and attenuation of resistance.®® * One study identified
two new molecules as potent SMO inhibitors that are loosely founded upon the structure of
Vismodegib. These compounds, labeled HH-13 and HH-20, displayed 10 and 30 nM ICso values
in cellular assays of Hh activity, respectively.®> Most importantly, these compounds remained
effective against SMO-D473H, a Vismodegib-resistant SMO mutant. Vismodegib efficacy is

diminished by almost 1000-fold between wild type SMO and SMO-D473H whereas efficacy of
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Figure 1.4: Chemical structures of withaferin A derivatives, novel SMO inhibitors that
structurally deviate from Vismodegib. A) Chemical structure of natural product withaferin A.
The highlighted scaffold is believed to be important for SMO binding. B &C) The Waldman
group developed derivatives of withaferin A that exhibited stereoselective potent inhibition of
SMO. D) The target compound of the Passarella group for SMO inhibition did not inhibit the
Hh pathway. * represents an asymmetric carbon. E&F) Synthetic intermediates 13b and 14b
exhibited stereoselective inhibition of SMO, elucidating important polarity considerations for
protein interactions.

HH-13 and HH-20 are only diminished by 1.1 and 1.4 fold, respectively. While this is an
exciting advancement in the development of SMO inhibitors, only one mutant version of SMO
was evaluated. It is likely that HH-13 and HH-20 will not be effective against all SMO mutants.
Another solution to Vismodegib resistance is the exploration of chemical structures that
deviate from that of Vismodegib. In 2015, the Waldmann group identified that synthetic
modifications to the natural product withaferin A (Figure 1.4, A) produced potent inhibitors of

SMO. Specifically, compound 21a exhibited a strong binding affinity for SMO and an ICso
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around 2 uM.% However, the synthesis of these complexes is non-trivial and is stereoselective.
Diastereomerization of 21a (Figure 1.4, B) to 21a’ (Figure 1.4, C) reduced potency by almost 5
fold.%’

In 2021, the Passarella group proposed simplification of the structure to contain cyclic
carbamates with the ultimate goal of synthesizing and evaluating compound 1 (Figure 1.4, D).%
However, stereoisomers of this compound were inactive against Hh signaling. Two of the
pathway intermediates, 13b (Figure 1.5, E) and 14b (Figure 1.5, F), successfully inhibited SMO
with racemic ICso values of 7.4 pM and 13.0 uM, respectively. Enantioselective synthesis
revealed that (+)-13b and (-)-14b were the more potent inhibitors with 1Cso values of 6 uM
compared to their enantiomers at 11-16 uM.% While it is surprising that deprotection of 14b to
yield compound 1 eliminates activity, the tert-butyl(chloro)diphenylsilane (TBDPS) protecting
group is highly lipophilic and might significantly improve protein interaction. While the potency
of these complexes does not compare to Vismodegib and Sonidegib, further study is necessary to

evaluate inhibition in BCC specifically, as well as the ability to evade resistance.
1.4.2 Gli Inhibitors

While newer generations of SMO inhibitors with structurally diverse scaffolds are
promising, it is unclear if they will successfully evade the complications of the already approved
inhibitors Vismodegib and Sonidegib. Options that target other regulators of Hh signaling are
crucial for patients that either do not initially respond to treatment with SMO inhibitors or
develop resistance. In one study addressing Vismodegib resistance, mutations of SMO proteins
were the primary focus. Two SMO variants known to be insensitive to Vismodegib were

expressed in Smo knockout mouse embryonic fibroblasts. Upon treatment with both direct and
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indirect Gli transcription factor inhibitors, Hh activity was reduced regardless of the identity of
the SMO mutation.®? In another study, activation of serum response factor and the transcriptional
cofactor megakaryoblastic leukemia 1/2 (MKL1/2) were found to have a novel, non-canonical
interaction with Glil that amplified Hh transcription independently of SMO. Excellent in vivo
anticancer activity was achieved through MKL1/2 inhibition in Vismodegib resistant tumors
with this characteristic.®® Interestingly, both the canonical and non-conical resistance
mechanisms ultimately influence the activity of Glil transcription factors in a way that is
druggable.r® As such, Gli is a valuable target for chemotherapeutic intervention in BCC.

To date, no therapies targeting the Gli family of zinc finger transcription factors (ZnFtfs)
have received clinical approval. This is primarily attributed to the fact that transcription factors,
in general, are notoriously challenging to target with traditional small molecules due to a lack of
well-defined binding pockets.!?1% However, a few small molecule inhibitors for Gli proteins
have been developed and studied against Hh signaling. Figure 1.5 depicts the inhibitors
discussed in this section.

One of the first small molecules found to inhibit Hh signaling through Gli inhibition and
downregulation is arsenic trioxide (ATO, Figure 1.5 A).1% 1% |mportantly, ATO is effective in
the treatment of tumors that have developed SMO resistance around a dose of 500 nM.%
However, ATO is not specific to Gli transcription factors and is known to bind numerous
intracellular targets. % In fact, it is FDA approved (Trisenox, Cell Therapeutics) for the treatment
of acute myeloid leukemia due to its ability to potently inhibit promyelogenous leukemia-retinoic
acid receptor fusion protein.'%” 1% |deally, a Gli inhibitor would be both potent and specific to

reduce unwanted off-target complications.
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The most prominent small molecule Gli inhibitor is GANT-61, a derivative of the Gli
antagonist (GANT) family of compounds. It was discovered in 2007 and has since been used to
study Hh inhibition in a variety of cancers.!%11® The general inhibitory concentration at which
50% of Hh signaling is reduced (ICso) is on the order of 5-10 uM for GANT-61.117- 118 GANT-61
is understood to undergo a prodrug mechanism where hydrolysis of the intact molecule produces
an inactive side product and the active inhibitor (Figure 1.5 B).!*® Computational analysis further
suggests a direct binding mechanism of GANT-61 to Gli transcription factors that inhibits DNA
binding and therefore transcription, but this has yet to be confirmed experimentally.11%-12!

Ultimately, GANT-61 is limited by poor solubility and bioavailability.'> More recently,
the natural product Glabrescione B (GlaB, Figure 1.5 C) was reported as the first confirmed
small molecule to directly bind Gli and prevent the Gli/DNA binding interaction. GlaB inhibited
BCC growth in vitro and in vivo at the equivalent of low pM doses.*?® When compared directly
to GANT-61 in this work, GlaB was found to have no significant improvement in potency or
inhibitory effect. However, GANT-61 efficacy was only directly compared with in vitro
experiments, not in vivo. It is possible that GlaB exhibits higher bioavailability and would be
more effective in vivo. However, a study of GlaB against Hh activity in medulloblastoma showed
that micelle encapsulation improved solubility and potency, revealing that GlaB efficacy
similarly suffers from low bioavailability.*?

The discovery of Gli inhibition by natural product GlaB suggests potential core chemical
structures that could be synthetically modified to improve solubility and binding to Gli
transcription factors. Specifically, modifications to the isoflavone core (Figure 1.5, C &D) have
been made to study the effect of structure on efficacy. Chemical modifications at the meta and

para positions of the third ring generate compounds that either lose or maintain inhibitory
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Figure 1.5: Chemical structures for small molecule Gli inhibitors. A) Arsenic trioxide
downregulates Gli activity but is unknown to bind directly. B) GANT-61 is the gold standard
for direct Gli inhibition. In aqueous solution, it undergoes hydrolysis to unmask the active
inhibiting scaffold. C) Glabrescione B binds directly to Gli in disrupt the DNA binding
interaction. D) Structural modifications to GlaB elucidate chemical modifications that
maintain or prevent Gli inhibition E) A dual-targeted compound that inhibits both SMO and
Gli. F) A new bicyclic imidazolium stricture found to inhibit Gli proteins.
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range, similar to GlaB.1?® However, compound 17 did not show inhibitory potential under 30
MM, suggesting that very small structural changes make large differences in protein binding.

Further chemical modification of this scaffold has revealed that bulky substituents at the
meta position produce isoflavones that target Gli, but bulky substituents at the para position
generate compounds that target SMO.*?* 126 Combining these principles yielded compound 22
(Figure 1.5, E) which targets both SMO and Gli transcription factors. This agent successfully
inhibited tumor growth in a model of medulloblastoma. However, the ability to target two
proteins means that specificity for this compound is questionable. It is unknown what other
molecular targets it may bind, producing unwanted off-target effects.

In 2020, a new structural scaffold was reported to inhibit Gli transcription factors.
Bicyclic imidazolium compounds were first discovered to inhibit Gli in a high throughput drug
screen and were evaluated across a range of structure/activity relationship studies.'?” Of twelve
synthesized molecules, compound 10 (Figure 1.5, F) was found to have the highest anti-Gli
activity with an I1Cso between 100 nM and 5 pM depending on the assay. Structural
considerations determined that the terminal phenyl group added significant potency to the
molecules whereas adding heteroatoms into the bi/tricyclic ring system essentially eliminated
anti-Gli activity.?’ It is worthy to note that these complexes contain a high degree of aromaticity
and hydrophobicity, much like GANT-61 and GlaB. It is likely that solubility will continue to be
an issue for these compounds, though this was not discussed by the authors. Additionally, these
complexes significantly interfered with mitochondrial health and function, something that must
be considered within the context of adverse side effects in non-diseased tissue.

While GANT-61 has seemingly exhausted its potential for clinical translation, GlaB and

derivatives as well as imidazolium compounds show potential for further development as potent
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Gli inhibitors. However, none of these compounds have been thoroughly evaluated for Hh
inhibition in BCC. It is challenging to draw conclusions about their applicability to BCC
treatment but highlights the need for further study. Specifically, a topical delivery mechanism
could be engineered to improve cellular internalization, bypass the necessity of blood solubility
and retention time, and minimize contact with non-diseased tissue. However, this would exclude

applicability to patients with mBCC who rely on Hh inhibition for treatment.
1.5 Preclinical models for Hedgehog and BCC research

An underdiscussed yet significant challenge for the BCC research community is the
overall paucity of preclinical models. This is even more problematic when considering the
unavailability of human based models. While animal models are useful, fundamental differences
between the skin of different species directly impacts the translation of therapeutics. Here, we
outline the current standards and recent developments for therapeutic evaluation in both cell lines

of Hh activity and BCC specific model systems.
1.5.1 Hedgehog Activation in Cellular Assays

The first benchmark for evaluating a new Hh inhibitor is often a cellular assay of Hh
activity. One example is a luciferase reporter assay performed in a derivative of the NIH-3T3
mouse fibroblast cell line that contains modified Gli binding domains driving expression of
firefly luciferase.!?® When Hh signaling is exogenously activated, luciferase is stably expressed
and can be measurably down-regulated by concurrent treatment with Hh inhibitors.*?**3 The
pathway can be activated at PTCH1, SMO, or by transfection of a plasmid encoding for Gli

transcription factors to model Gli accumulation.
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The C3H/1071/2 cell line is a pluripotent mouse embryonic fibroblast routinely used in

Hh research.?*? The cells do not exhibit innate Hh activity, but exogenous activation promotes
differentiation into osteoblasts and induces expression of alkaline phosphatase (ALP)
proteins.?3313> Concurrent treatment with Hh inhibitors results in measurable prevention of ALP
production. This cellular system has greatly increased the understanding of basic Hh mechanics
as well as general efficacy of inhibition strategies.’®® However, these cellular assays are not
representative of Hh dysregulation in a tumor environment and are also not derived from skin
cells. While suitable for initial evaluation of Hh inhibitory potential, more specific models are

necessary to evaluate applicability to BCC.
1.5.2 Murine BCC Models

Rodents (mice and rats) are choice mammals for most early-stage preclinical
investigations of cancer treatments. Development of a rodent model that most closely mimics
human disease is essential for successful translation into the clinic. One of the first mouse
models that spontaneously developed BCC was generated by causing overexpression of sonic
hedgehog (SHH) proteins that initiate Hh signaling in the skin.**” However, since SHH is a
paracrine signal, activation was not isolated to skin cells and many malformations were
observed. The animals had to be examined either in the embryonic or neonatal states due to
uncontrollable perinatal lethality. While embryos did develop large BCC like lesions that
mimicked patient BCC in phenotype and pathology, they most closely resembled uncontrollable
GS BCC growth. Additionally, animals allowed to develop long enough to die in utero had large
sections of skin that were completely destroyed from advanced disease.’®” Ultimately, the

untimely death of the animals in this study prevents the development of a breedable line that
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could be used to investigate Hh inhibitors. However, it provides evidence for the ability to
develop murine BCC models through manipulation of the Hh genome.

Other studies attempted similar generation of spontaneous BCC models through
transgenic Hh activation. One report induced expression of a mutant version of SMO under a
keratin 5 promoter that allowed for expression only in skin. BCCs developed in embryos that
mimicked patient phenotype and pathology.'® The authors do not comment on perinatal
lethality, but further research determined that animals that do survive cannot reproduce to form a
breedable line.®*® However, localized expression in the skin avoided the craniospinal defects seen
in SHH overexpression, reducing potential discomfort and suffering of surviving animals.

PTCHL1 alleles are the most common source of mutations leading to sporadic BCCs. As
such, knockdown of Ptchl has been attempted for the development of spontaneous BCCs in
mice. An extensive review of Ptchl knockout mice has been previously published.**® Here, we
focus on the broad story of development.

Early efforts towards this aim proved fruitless. Animals developed medulloblastomas!*!
and rhabdomyosarcomas!*? and even other symptoms of GS, but did not develop BCCs.
However, these mice were viable. Further studies revealed that Ptchl heterozygous mice at the
age of 9 months had small proliferations of BCC like cells that could only be detected
microscopically.®® To encourage tumorigenesis, mice were subjected to either UV or X-ray
irradiation. After UV irradiation, Ptchl knockout mice had a 20% incidence of developing
lesions that mimicked the phenotype of human BCCs. X-ray irradiation produced primarily
trichoblastomas.

The generation of BCCs from Ptchl knockout mouse models resulted in an equally

important development: the first immortalized cell lines of BCC. Three cell lines were isolated
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and immortalized from three different mouse models. The most commonly studied ASZ001, or
ASZ, cell line was immortalized from a BCC lesion resulting from UV irradiation three times
weekly for 10 months.!3¥ These cells retain knockdown of Ptchl in culture and are verified to be
sensitive to Hh inhibition.

When irradiated, tumors on Ptchl knockdown mice develop in a controlled manner
where the UV light is applied. This significantly reduces the number of lesions from a truly
spontaneous model and allows for a more controlled experimental design. Importantly, some
mice developed tumors in as little as four months of UV irradiation.3® After histopathological
validation of tumor type, these lesions could then be treated with Hh inhibitors on a semi-
reasonable time scale. However, from breeding to birth to tumor development, this time scale
could certainly be improved upon. For many cancers, the answer to this is patient derived
xenograft (PDX) models. Cells from human cancer patients are injected into an
immunocompromised animal and develop into a tumor.}*®* The time scale for this is
exponentially faster and does not require the use of heavily genetically modified animals,
lowering the overall cost. Additionally, the cancer is now fundamentally of human identity.

Unfortunately, developing PDX models of BCC has largely failed. Tumors often do not
implant or are met with slow growth rates.!** 14> The use of more severally immunocompromised
mice improves implantation,*4® 47 but little is known about the retention of cellular identity and
behavior to the original tumor.**® However, one study successfully allografted murine BCC cells
into an immunocompromised mouse model with the assistance of Matrigel. Allografted tumors
retained the phenotype and pathology of their parent tumors and were responsive to inhibition.

Most importantly, allografts produced visible tumors within only 3 weeks of implantation.4®
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This technique is unique and could be applied to the grafting of patient samples for a more
human-based model of BCC.

There is an inherent distant relationship between rodents and human species. In the
absence of available PDX models, a species more closely related to human identity could prove
to be a valuable model. In 2017, a group investigated the ability to generate a BCC model in a
non-human primate, the Chinese tree shrew.*® Chinese tree shrews are small in size and have
been used to study many human diseases. Their skin is anatomically similar to human skin,
creating a unique opportunity for more accurate BCC model development.**® Development of the
tree shrew model of BCC was accomplished via lentiviral transfection of SmoAl, a
constitutively activated form of SMO. Injections were performed in both dorsal and tail skin, and
both resulted in the development of BCC lesions that mimic human BCC. While this model has
yet to be used for investigation of BCC inhibition, it provides an interesting preclinical link
between murine and human species.

Of note, all the preclinical models of BCC are only applicable to evaluating established
disease and are not suitable for deeper understanding of how latent potential for BCC
development ultimately leads to lesions. This should be a significant research endeavor
considering the rate of primary and secondary tumor recurrence of BCC. Understanding these
mechanisms in skin cells might elucidate new mechanisms by which BCC can be prevented.
Essentially, all BCC patients should be considered at risk for the development of multiple BCCs

and effective prevention strategies would significantly improve the lives of BCC patients.
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1.6 The Scope of This Thesis

When considering the information above, we identify three holes in the BCC research
community that are of paramount importance to address: 1) The development of potent and
specific inhibitors of Gli transcription factors that are effective in BCC, 2) Methods for
evaluation of BCC prevention, and 3) Preclinical models of BCC that can bridge the gap between
basic cellular studies of Hh activity and challenging in vivo studies. This thesis describes
research advances towards filling these gaps.

Chapter 2 describes the development of targeted cobalt complexes for the selective and
potent inhibition of Gli transcription factors in BCC, specifically. Targeting is achieved by
conjugating to the active cobalt inhibitor to the DNA sequence that only Gli will recognize. The
discussion focuses on the cellular delivery and Hh inhibition of these complexes in cellular
assays compared to GANT-61.

Chapter 3 describes the development of cellular assays towards elucidating prevention
strategies for BCC. Hh inhibitors are first discussed for their ability to prevent Hh activation in
C3H/1071/2 where signaling is activated at either PTCH1 or SMO, mimicking the most common
mutation points in human disease. Secondly, the ability to exogenously activate Hh signaling in
primary basal skin cells is discussed. Phenotypic activation is explored through proliferation and
migration assays. Successful transformation of basal cells would permit elucidation of the
mechanism by which Hh activation in previously healthy cells leads to tumorigenesis and how it
can be prevented.

Chapter 4 describes the development of more complex two-dimensional and the first
reported in vitro 3-dimensional cellular systems for BCC disease progression. It was determined

that the Hh pathway drives ASZ cells to migrate through a porous membrane and inhibition can
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be achieved through treatment with GANT-61. Moreover, ASZ cells can be combined with
human basal cell keratinocytes in a three-dimensional skin organoid models that mimic the
phenotype and pathology of BCC. The success of this cellular assay presents a new model of
BCC to the research community that bridges the gap between simple in vitro work and complex
in vivo studies. Additionally, the model is generated in only two weeks and can be

simultaneously treated with Hh inhibitors with significant impact on tumorigenesis.
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Chapter 2

Delivery of Targeted Inhibitors of Gli Family Transcription
Factors

Portions of this chapter are adapted from:

Dukes, M.W.; Bajema, L.B.; Whittemore, T.J.; Holmgren, R.A.; Meade, T.J. Delivery of
Targeted Co(ll1)-DNA Inhibitors of Gli Proteins to Disrupt Hedgehog Signaling. Bioconjugate
Chemistry. 2022. doi:10.1021/acs.bioconjchem.2¢c00063

Brue, C.B.; Dukes, M.W.; Masotti, M.; Holmgren, R.A.; Meade, T.J. Functional Disruption of
Glil-DNA  Recognition via a  Cobalt(lll) Complex. = ChemMedChem.  2022.
d0i:10.1002/cmdc.202200025
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2.1 Introduction
2.1.1 Structure of the Gli-DNA Binding Domain

The Gli family of transcription factors are the ultimate regulators of Hh signaling that
transcribe genes for cellular proliferation and migration in cancer.!> While traditional
chemotherapy prefers to target a protein early in a pathway, efforts towards this aim against Hh
signaling have in some ways proven unsuccessful. As discussed in Section 1.4, most
chemotherapeutics targeting Hh signaling are specific to the transmembrane protein smoothened
(SMO).>* Two such inhibitors (Vismodigeb and Sonidegib) are clinically approved for the
treatment of locally advanced and metastatic BCC, respectively. However, patients treated with
Vismodigeb and Sonidegib experience to a high recurrence rate of chemoresistant tumor
recurrence.> %8 Considering BCC experiences such a high general rate of recurrence, this
presents a significant problem to the patient population.

Research efforts of many investigators have instead turned to exploring inhibition of the
Gli family of transcription factors.® However, transcription factors in general are challenging to
target with traditional organic drugs due to a high degree of disorder and lack of targetable
hydrophobic binding pockets.® While a full crystal structure of Gli transcription factors has not
been obtained, Figure 2.1 shows the AlphaFold prediction for the full structure of Gli1.1%! The
majority of the protein adopts random-coil secondary structure that the prediction software rates
at very low confidence, likely due to the extreme disorder of these regions. However, the core of
the protein, which corresponds to the DNA binding region, predicts with high confidence a series

of alpha-helical structural motifs.
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Figure 2.1: AlphaFold predicted structure for the Glil transcription factor (AlphaFold entry
P08151 (GLI1L_HUMAN)). The majority of the structure is predicted to adopt random coil
secondary structure. The core of the structure, the DNA binding region, is predicted to adopt a
series of alpha-helical secondary structure. The software states that blue represents high to
moderate confidence (>70 pLDDT), yellow signifies low confidence (between 70 and 50
pLDDT) and orange signifies very low confidence (<50 pLDDT) of the prediction. The
overall low prediction confidence is likely due to high degree of protein disorder.

While the full crystal structure remains aloof, researchers have successfully collected a
crystal structure of the Glil DNA binding domain co-crystalized with its native DNA binding
partner (Figure 2.2, PDB entry 2Gli).*2 Within the DNA binding domain, there are 5 sites where
zinc(I) ions are tetrahedrally coordinated to two cysteine residues and two histidine residues
(hereto referred to as Cys.His,). These are commonly referred to as zinc fingers and classify a
subset of the family of zinc finger proteins.™® For zinc finger transcription factors (ZnFtfs), the

zinc(I1) ions are responsible for locking the two histidine residues into alpha helical secondary
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Native DNA
binding partner

Cys,His, Zn(ll)
coordination site

Gli1 DNA
binding domain

Figure 2.2: Crystal structure of the Glil DNA binding domain. Within this region, there are 5
CyszHis; zinc(Il) coordination sites. The zinc ions are responsible for maintaining alpha-
helical structure that interacts with the major and minor grooves of DNA. Blue represents
Glil, orange represents that DNA binding partner, pink represents zinc(ll) ions, and green
represents the cysteine and histidine residues that coordinate zinc(ll).

structure, allowing interaction with the major and minor grooves of DNA. Just like metal beams
provide the framework for buildings to stand upright, the zinc ions provide structure to Gli
transcription factors that allow it to ultimately transcribe DNA. The alpha helical structure is lost

without these ions and the protein cannot function.
2.1.2 Cobalt Inhibition of Zinc Finger Transcription Factors

Because of the largely structure nature of Gli transcription factors, very few small-
molecule organic inhibitors have been developed (those that have are discussed at length in
Section 1.4).2+18 Existing examples largely suffer from both lack of potency and specificity, two

crucial aspects for effective chemotherapeutics.'®2? For many years, the lab of Professor Thomas



61
Meade has studied cobalt (I11) Schiff-base (Co(l11)-SB) complexes that have high affinity for
histidine residues.?>?® When in proximity to two histidine residues, there is a thermodynamic
driving force for His residues to bind in a bidentate, octahedral orientation that is irreversible
(Figure 2.3, A).2%?" In the context of CysyHis, zinc finger binding domains, Co(lll)-SB
complexes will dislpace the zinc(Il) ion, bind the two histidine residues octahedrally, degrade

alpha-helical structure, and prevent DNA binding and ultimately transcription (Figure 2.3, B).
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L= Labile ligand (NH3, methylimidazole)
R= Targeting group (small molecule, peptide, DNA)
B

Figure 2.3: Schematic representations of Co(ll1)-SB complexes binding histidine residues in
proteins. A) Co(l11)-SB undergoes axial ligand exchange for preferential binding of imidazole
motifs in histidine residues. B) In zinc finger proteins, Co(lll)-sb punches zinc ions out of
tetrahedral pockets and binds histidine residues octahedrally. This elongates alpha-helical
structure necessary for DNA binding.
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Figure 2.4: Co(lll)-SB complexes degrade alpha helical content of Glil and prevent DNA
binding. A) Circular Dichroism results with increasing concentrations of Co(ll1)-SB in Glil
buffer. Alpha helical features at 220 and 208 nm are reduced with increasing Co(ll1)-SB. B)
Interferometry results of protein binding to DNA attached to instrument surface. Binding is
reduced significantly upon increasing Co(l11)-SB concentration. C) EMSA results for Glil/DNA
binding. Fluorescent DNA is used for assaying DNA binding. The Gli-bound DNA band
disappears with increased Co(l11)-SB which is quantified using image intensity analysis. For all
experiments, equivalencies are calculated in respect to the whole protein. For example, 1 eq. of
Co(I11)-SB means one Co(ll1)-SB for each protein unit and one Co(ll1)-SB for 5 zinc binding
sites. 5 eq of Co(llI)-SB represents a 1:1 Co(lll)-SB:zinc finger ratio. Data by Chris Brue,
publication co-authored by Meghan Dukes.

In a recent study in the Meade lab, Brue et. al. explored both computationally and
experimentally Co(l11)-SB inhibition of DNA binding specifically in the Glil protein.?® The
DNA binding region of Glil was recombinantly expressed in E.Coli and incubated with Co(lll)-

SB complexes at varying Co:Glil ratios. Circular Dichroism (CD) analysis showed loss of alpha-
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helical structure in a dose-dependent manner (Figure 2.4, A). Alpha helices are characterized by
double-peak features around 220 nm and 208 nm that are reduced upon incubation with Co(ll1)-
SB. Additionally, the appearance of a feature at 205 nm indicates an increase of random coil
structure. Furthermore, Electromotility Shift Assay (EMSA) and Interferometry analysis reveal
dose-dependent loss of DNA binding (Figure 2.4, B&C). Importantly, equivalencies in these
experiments were defined as Co:Glil, not Co:Zn pocket. One eq of Co(l11)-SB is 1 cobalt ion for
every 5 zinc ions. The data suggests that very few zinc pockets need to be targeted for the DNA
binding interaction to be significantly diminished.

While this data highlights the potential of Co(ll1)-SB complexes as potent inhibitors of
Gli transcription factors, these complexes lack all specificity intracellularly. As a solution to this
in previous in vivo studies, the Meade lab has deployed a targeted inhibition strategy where the
active Co(l11)-SB inhibitor is tethered to the DNA consensus sequence that only one ZnFtf will
recognize.?% This strategy was tested specifically in Drosophila and Xenopus embryos in the
Ci and Snail pathways, respectively.

The Ci pathway is responsible for the proper formation of denticle belts in Drosophila
embryos which later become the different anatomy of the fly (Figure 2.5, A).?%% If these belts do
not form properly, neither will the fly. When treated with Co(l11)-Ci (Figure 2.5, F), a targeted
Co(l1)-SB complex specific to Ci ZnFtfs, denticle belts did not separate properly and were fused
(Figure 2.5, B). This is phenotypically mimicked by complete genetic knockdown of the Ci
transcription factor (Figure 2.5, D). However, when the DNA sequence tethered to Co(l11)-SB is
mutated by just two base pairs, denticle belts form properly (Figure 2.5, C). Co(llI)-Ci inhibits

the Ci transcription factor, preventing denticle belt separation in a way that mimics knocking out
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the transcription factor altogether. However, this result requires an exact match to the DNA
recognition sequence of Ci, as mutating 2 base pairs eliminates observed inhibition.?®

The Snail pathway in Xenopus embryos is responsible for migration of neural crests,
much like the Hh pathway is responsible for brain hemisphere separation in humans. When
embryos were exposed to Co(lll)-Ebox inhibitors specific to Snail ZnFtfs (Figure 2.5, G), the
neural crests did not migrate (Figure 2.5, E). Mutating the DNA sequence tethered to the Co(lll)-

SB complex by one base pair resulted in normal neural crest migration,?-24
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G*A*T*GGACCCACCAG*A*G*A A*T*"G*CTGTCCACAAC*C*C*'T
NH; Targeting Ci NH3 Targeting Snail
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3
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Figure 2.5. Inhibition of Ci and Ebox ZnFTFs in Drosophila and Xenopus embryos. A) Wild
type Drosophila show proper formation of denticle belts. B) Treatment with Co(l11)-Ci results
in fusion of denticle belts, representing improper formation. C) Mutating the DNA sequence
tethered to Co(l11)-SB by two base pairs causes phenotypic replication of the non-treated wild
type. D) Genetic knockdown of Ci causes fusion of denticle belts. E) Experiments of Snail
inhibition in Xenopus. Treatment with Co(lll)-Ebox causes prevention of neural crest
migration, whereas mutating the tethered DNA sequence by 2 base pairs phenotypically
mimics the untreated control. F) Structure of Co(ll1)-Ci. G) Structure of Co(lll)-Ebox.

It was hypothesized that the same strategy of targeted ZnFtf inhibition could be applied to
Co(I11)-SB inhibitors of Gli transcription factors (hereto referred to as CoGli). However, Co(ll1)-

DNA complexes were delivered to both Drosophila and Xenopus embryos via direct injection at
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early embryonic stages due to poor membrane permeability. This delivery method would be
impossible to translate to fully formed human tissue as you cannot inject each cell individually.
A cellular delivery vehicle is required to evaluate CoGli inhibitors.

Transfection of DNA-based molecules is often accomplished with liposomal transfection
agents and positively charged polymers like branched polyethyleneimine (PEI).313% However,
these agents are often cytotoxic and can introduce complications for studying the influence of
cargo on the inhibition of a specific biological pathway.®! Nanoparticles are a promising new
class of DNA delivery constructs. They are often associated with significantly less cytotoxicity
and can be surface-modified with antibodies, peptides, and other tumor-targeting moieties.3! 34

Graphene oxide (GO) has recently emerged as a versatile nanomaterial for cellular
delivery due to rich surface chemistry and rapid uptake into cells.®*3® Unmodified GO is
involved with various biological applications, including bioimaging, drug delivery, and cancer
treatment.®-3° The surface can be further chemically modified with polymers like PEI, making
GOPEI, which can electrostatically attract DNA-based compounds and deliver them
intracellularly while reducing cytotoxicity.*° In addition, GOPEI promotes endosomal escape and
bioavailability and has previously been used in gene and siRNA delivery.“®#? In this chapter,
delivery strategies of both unmodified and PEI functionalized GO are explored.

2.2 Results and Discussion

2.2.1 Unmodified Graphene Oxide Delivery Strategies

The aromatic 2-dimensional surface of GO facilitates pi-pi stacking with unpaired nucleic
acids, making it a potential candidate for the delivery of CoGli complexes if synthesized with a
single-strand overhang.*® Scheme 2.1 represents the design for 5ssCoGli@GO where a 5 ploy-T

base pair overhang will facilitate loading onto the GO surface and eventual intracellular release.
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Gli recognition
sequence

N—(CH,)s—-C*T*A*CTGGGTGGTC*T*C*T g
G*A*T*GACCCACCAG A G ATTT*T*T* —

5 base pair

NH, overhang
\_ ﬁ - ) High initial
0" \H, © fluorescence

5ssCoGiliF

Fluorescence quenching upon adsorption

Scheme 2.1. Design of 5ssCoGIliF@GO delivery construct. A 5-base pair poly-T overhang
attracts 5ssCoGliF to the unmodified GO surface through pi-pi stacking. Due to inherent
electrostatic repulsion between the negative GO surface and DNA-bearing 5ssCoGliF, ionic
partners are required for loading assistance. Loading and release can be tracked through the
fluorescence quenching properties of GO. AF488= AlexFluord488, Aexcitation= 488,
Aemission=520.
Since these residues are 4 removed from the Gli DNA recognition sequence (Scheme 2.1, red),
this modification is not anticipated to influence protein interaction. In this section, the
optimization of loading parameters for 5ssCoGliF are elucidated, as well as cellular toxicity and
internalization attempts.
2.2.1.1 Optimizing 5ssCoGli loading
Much work has been done to characterize the interaction of GO and single stranded
DNA, all concluding that loading is inadequate at low ionic strengths.****> This is because the
GO surface as well as the backbone of DNA are negatively charged, leading to charge-charge
repulsion in non-buffered solution. Some studies even suggest that 100 mM of salt is necessary
for proper GO/DNA adsorption.** While many biological researchers study the GO/DNA

interaction for ex vivo biosensing, the ultimate goal of this research is to produce an effective

cellular delivery vehicle for CoGli. Cells are often sensitive to the salts in their environment,
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necessitating optimization of the salt identity and minimization of the loading concentration to
remain biocompatible.

The identity and concentration of salt required for efficient 5ssCoGli loading was the first
optimized parameter. To explore the difference between a 1+ and a 2+ cation, sodium chloride
(NaCl) and magnesium chloride (MgCl2) were evaluated in a fluorescence quenching experiment
between 23.6 pug of 5ssCoGliF and 50 ug of GO (approximately a 1:2 5ssCoGli:GO ratio). The
final concentrations of salt ranged from 50 mM to 0.1 mM. Since the percentage of fluorescence
quenching is proportional to the total percentage of 5ssCoGliF loaded, Eqg. 2.1 (found in
Experimental Section 2.4) was used to calculate the mass of 5ssCoGlIiF that is loaded per gram
of GO. Theoretical complete loading is calculated at 472 mg 5ssCoGli/g GO at these ratios.

The concentration of NaCl at which loading is no longer near complete is 25 mM (Figure
2.6: A,D). MgCly, however, still facilitates complete loading at as low as 0.25 mM (Figure 2.6:
B,D). These results suggest that the presence of 2* cations is superior to 1* for the minimization
of overall salt concentration necessary for proper adherence of DNA. All further experiments
were carried out using salts bearing 2* cations.

Zinc chloride (ZnClz) was also explored as a 2* cation with potentially differential
biocompatibility in BCC cells. Since the immortalized ASZ murine BCC cell line is sensitive to
Ca?*, sensitivity to other metal ions is possible. Zn?* maintained highly efficient loading at 0.25
mM via fluorescence quenching experiments (Figure 6: C,D), showing no significant difference
from Mg?*. These results suggest that the identity of the 2* salt is likely irrelevant in terms of
facilitating loading, and a choice for further exploration can be made based on cellular

compatibility and cytotoxicity. Furthermore, 0.5 mM and 0.25 mM salt arose as the lowest
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Figure 2.6. Fluorescence quenching experiments of 5ssCoGli and unmodified GO based on
identity and concentration of salt. A) Fluorescent quenching curves in the presence of NaCl.
B) Fluorescence quenching curves in the presence of MgCl.. C) Fluorescence quenching
curves in the presence of ZnCl>. D) Quantification of loading in units of mg 5ssCoGli/g GO.
Since the initial conditions contained 23.6 pg of 5ssCoGli and 50 pg GO, the maximum
loading potential is calculated at 472, denoted by the dashed horizontal line.

concentrations where loading remains nearly complete and were chosen for further loading

optimization.

The above loading experiments were carried out under constant amounts of both

5ssCoGli and GO (23.6 pg of 5ssCoGliF and 50 ug of GO). As such, complete loading was

mathematically calculated at 472 mg 5ssCoGli/g GO. To optimize loading further, it is necessary

to know how loading responds at fixed salt and 5ssCoGli concentrations as the amount of GO is

varied. These results elucidate the minimum amount of GO necessary to completely capture a
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given weight of 5ssCoGli. Since loading remained near-complete at a 1:2 5ssCoGli/GO ratio at
0.5 and 0.25 mM MgCl2 and ZnCl, these were the concentrations chosen for these experiments.
At fixed concentrations of 0.5 mM and 0.25 mM salt and 23.6 pg of 5ssCoGli, loading was
calculated at weight ratios of 1:2, 1:1, 2:1, and 4:1 5ssCoGli:GO. At these respective
concentrations, the loading maxima are 472, 944, 1888, and 3776 mg of 5ssCoGli/g GO.

Figure 2.7 summarizes the data from these experiments. For both concentrations of

MgCl, and ZnCl,, loading capacity is ultimately limited as the amount of GO is reduced
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Figure 2.7. Fluorescence quenching results of fixed amounts of 5ssCoGli (23.6 pg) and 0.5
and 0.25 mM MgCl and ZnCl; as the amount of GO varies. Evaluated ratios were 1:2, 1:2,
2:1, and 4:1 5ssCoGli to GO. A) Results for quantification of mg 5ssCoGli loaded per g of
GO. B) Percentages of 5ssCoGli loaded compared to the calculated maxima of 472, 944,
1888, and 3776 mg 5ssCoGli/g GO for 1:2, 1:1, 2:1, 4:1 weight ratios, respectively. Data
show that loading is similarly efficient at 0.5 and 0.25 mM salt at a 1:2 weight ratio. Reducing
GO past this point results in loss of complete loading, especially for 0.25 mM of either salt.
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compared to the fixed amount of 5ssCoGli. While the raw amounts of mg of 5ssCoGli/g GO do
increase (Figure 2.7, A), the more important consideration is the percent loading of what was
dosed. A condition is desired where nearly all of the CoGli inhibitor is loaded onto the
nanoparticle surface. Computing these percentages reveals that at 0.5 mM and 0.25 mM MgCl»
and ZnCly, the ideal dosing ratio is 1:2 5ssCoGli:GO as it yields the closest to 100% loading
(Figure 2.7, B). At the 1:1 ratio, only about 85% of the 5ssCoGli is loaded at 0.5 mM, and
approximately 70% at 0.25 mM. Further, there is little difference between the loading at 0.5 mM
(95%) and 0.25 mM (90%) at the 1:2 ratio. Thus, to maximize loading and minimize salt
necessary for cellular studies, 0.25 mM of salt at 1:2 5ssCoGIli/GO were determined to be the

optimal conditions for further cellular studies of this system.

2.2.1.2 Cellular Toxicity

Cellular compatibility of MgCl, and ZnCl; loading conditions were evaluated via MTT
analysis of cellular viability. Prior to dosing, 5ssCoGli was incubated for 10 minutes at RT with
GO at a weight ratio of 1:2 in 0.25 mM MgCl; and ZnCl>. Cells were incubated for 24 hours
with 5ssCoGli@GO before cytotoxicity was evaluated via MTT analysis. Controls included non-
treated controls, as well as purely salt conditions that matched the concentrations of MgCl, and
ZnCl; at their highest doses, 12 uM. For reference, the tolerated concentration of CaClz in ASZ
media is 50 pM.

Significant differences in cytotoxicity are not observed between the two salt identities at
each concentration of 5ssCoGli (Figure 2.8). The identity of the salt does not impact cellular
viability. However, the concentration of salt appears to play a critical role. The salt-only control

that matches the concentration of salt at the highest-dosed condition shows viability reduced to
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Figure 2.8. Cytotoxicity of ASZ murine BCC cells in the presence of 5ssCoGli@GO at a 1:2
weight ratio loaded by 0.25 mM MgCl2 and ZnCl,. No significant differences are observed
between the two salt identities at each concentration of 5ssCoGli. However, significant
cytotoxicity is observed as the concentration of 5ssCoGli increases, resulting in an
unavoidable rise in salt concentration.

approximately 75%, similar to the reduction observed at the highest dosed condition (~80%).
Upon initial observation, this suggests that the salts are primarily responsible for cell death. This
is not ideal, as surveying changes in the Hh signaling cascade in response to Hh inhibitors
requires a delivery vehicle/system that does not influence cellular viability. However, lower
concentrations of 5ssCoGli/GO do not show alarming reductions in viability and can be explored
further in assays of internalization.

2.2.1.3 Cellular Internalization

GO is a fluorescence quencher; it provides a visual handle for cellular internalization via
fluorescence confocal microscopy. Confocal microscopy requires very little agent for detection
due to high sensitivity and resolution. ASZ cells were dosed at only 20 nM 5ssCoGIliIF@GO at a

1:2 loading ratio at 0.25 mM MgCl, and ZnCl; for uptake evaluation via confocal microscopy.
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Ultimately, these experiments were not successful. Cellular internalization was not observed
beyond signal that could be attributed to light-scattering and autofluorescence. As an attempt to
improve internalization, cells were instead incubated in serum-free media, and this did not
improve visualization of cellular internalization. It was then decided to move into more
quantitative experimentation for internalization.

Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) is a technique for quantifying
metal ions in aqueous solutions. Because 5ssCoGli contains a cobalt ion, this technique can be
used for quantifying cobalt inside of cells when combined with cell counting analysis. 5ssCoGli
was loaded with 0.25 mM MgCl> (only one salt chosen for simplicity) at either 1:2 5ssCoGli:GO
or 1:4 5ssCoGli:Go. The 1:4 dosing condition was explored as a potential opportunity for
increasing loading and delivery. Uptake was measured in normal ASZ serum media (2%), and
reduced serum media (0.1%) in case serum proteins in media were off-competing bound

5ssCoGli compounds.
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Figure 2.9. Internalization of 5ssCoGli as determined by ICP-MS as a function of media
serum composition and dosing ratio of 5ssCoGli:GO. Internalization is not observed in full
serum media. Internalization is slight improved upon reduction of serum, but this is not
amplified by the addition of excess GO.
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Data for these experiments is summarized in Figure 2.9. Not only do the non-treated cells
contain higher levels of cobalt inherently, but uptake is not observed when serum is at the normal
amount of 2% for ASZ cell culture. Reducing the serum component to 0.1% does decrease
baseline levels of cobalt and increase the observed uptake, but this increase is not amplified upon
doubling the amount of GO used for delivery. These data result in, at maximum, 6% transfection
efficiency of the 5ssCoGli agent (calculated as the total fmol of cobalt total from ICP analysis
divided by the total fmol dosed). Combined with the inability to monitor internalization by
confocal microscopy, it is concluded that while GO can capture DNA efficiently, it is not
sufficient for cellular delivery purposes.

To explain this phenomenon, an off-competition experiment was performed via
fluorescence recovery. Once loaded, fluorescence of 5ssCoGli is quenched. Upon desorption,
fluorescence recovers. Off-competition was evaluated after loading of 5ssCoGli onto GO in the
presence of 0.5 mM MgCl,. After 15 minutes, a fluorescence was measured to ensure complete
loading. At this time, 15 pL of either 2% serum media or serum free media were added and
fluorescence was monitored over the course of 2 hours (Figure 2.10).

Initial fluorescence, complete loading, and fluorescence recovery upon addition of media
were tracked with a plate reader (Figure 2.10, A). The final absorbance reading after 2 hours was
used to calculate the resulting percentage of fluorescence recovered, which is directly
proportional to the percentage of 5ssCoGli released. At a 1:2 5ssCoGli:GO ratio, 5ssCoGli
experiences close to 50% release after only 30 minutes in both 2% serum media and serum free
media. At a 1:4 weight ratio of 5ssCoGli:GO, even more 5ssCoGli is released upon interaction
with 2% serum media, but the excess GO does protect from media-induced release in serum free

media (Figure 2.10, B). Ultimately, these results support the hypothesis that interaction with
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Figure 2.10. Tracking media-induced release of 5ssCoGli from GO as a function of serum
composition and 5ssCoGli:GO ratio. A) Fluorescence recovery curves. B) Calculated
percentage of 5ssCoGli released. In 2% Serum media, 1:2 and 1:4 5ssCoGli experience
significant desorption from the GO surface that maximizes in 30 minutes. While the 1:2
weight ratio experiences a similar result in serum free media, the addition of excess GO
protects the 5ssCoGli from desorption.

proteins and other biological compounds in media/serum results in 5ssCoGli off-competition
from the GO surface. This happens on such a fast timescale that a majority of 5ssCoGli would be
desorbed before cellular internalization could take place. In combination, these results suggest
that GO is an effective method for loading 5ssCoGli but is not a successful cellular delivery

vehicle.
2.2.2 Polyethyleneimine Functionalized Graphene Oxide Delivery Strategies

Even though unmodified GO ultimately failed as a cellular internalization strategy, GO is
still desirous as the base of a delivery vehicle dues to its typical cellular uptake profiles,
fluorescence quenching capabilities, and biocompatibility.®>¢ The concluded problem for
unmodified GO was the weakness of the GO/DNA interaction in the presence of other
biomolecules in cell media and serum. From previous research, we hypothesized that
functionalizing the GO surface with a positively charged polymer would improve the binding

affinity of negatively charged DNA when contested with other biomolecules in media.*®*? As
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such, this section discusses the synthesis and characterization of GOPEI, or GO that is
chemically modified with polyethyleneimine (PEI). Specifically, GO-2kDa-PEI and GO-25-kDa-
PEI will be discussed where each was synthesized with either 2kDa average molecular weight
branched PEI or 25 kDa average molecular weight branched PEI, respectively. Since the
mechanism of loading is now independent of pi-pi stacking, a fully double stranded version of
CoGili, or dsCoGli, is utilized for these experiments. Scheme 2.2 represents the resulting

dsCoGli@GOPEI nanosystem.

Gli recognition
O H sequence
N—(CH,)¢C*T*A*CCTGGGTGGTC*T*C*T =
G*A*T*GGACCCACCAG*A*G*A™

NH3
=N_.__N=
NP High
o ! o fluorescence
NH- when released
dsCoGliF

GOPEI

Fluorescence quenched when adhered

Scheme 2.2: Design of dsCoGli delivery construct. The positive charge contribution from
PEI attracts the negative backbone of DNA. Fluorescence quenching properties are
maintained upon the addition of PEI, permitting tracking of loading and release. AF488=
AleXFlu0r488, Aexcitation= 488, Aemission=520.
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2.2.2.1 Synthesis and Characterization of GOPEI

GOPEI was synthesized via a covalent linkage of 2 or 25 kDa average molecular weight
PEI to GO functionalized with carboxylic acids (GO-COOH, Figure 2.11, A). GO was prepared
from graphite flakes with sulfuric acid and KMnO4 in a modified Hummer’s method.*® GO-
COOH was then synthesized by combining sodium hydroxide with a GO suspension to activate
the functional epoxides and hydroxides on the GO surface for substitution with chloroacetic acid.
Following purification, PEI free amines were coupled to the carboxylic acids via peptide
coupling by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC). The resulting GOPEI was
purified by centrifugation. Both GO-COOH and GOPEI were characterized by Infrared (IR)
spectroscopy, Zeta Potential (ZP), and Thermogravimetric Analysis (TGA).

Conversion of GO-COOH to GOPEI was initially observed via IR spectroscopy. (Figure
2.11, B) A C=0 carboxylic acid stretch at 1705 cm™ is observed for GO-COOH but disappears in
the spectra of both GOPEI variants. Instead, there is a shift of the C=0O stretch to lower
wavenumbers, 1620 cm, consistent with formation of amide binds and covalent linkage of PEI
to the GO surface.

Quantification of PEI on GOPEI variants was determined via TGA. (Figure 2.11 C) Mass
loss resulting from steadily increasing temperature is due to the weakening and breaking of
functionalized bonds. At 200 °C, the mass loss seen for GO-COOH corresponds to the breaking
of unstable oxo bonds, specifically carboxylic acid functionalization. Further mass loss to 450 °C
is associated with the prolonged breaking of more stable oxo bonds.*® For GOPEI, initial mass
loss up to 200 °C also corresponds to the destabilization of remaining unfunctionalized

carboxylic acid bonds. Mass loss up to 450 °C is attributed to the loss of PEI.*® Results are given
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Figure 2.11: Synthesis and characterization of GOPEI. A) Schematic representation of
GOPEI synthesis from GO-COOH. GO-COOH is prepared via the reaction of choloroacetic
acid with reactive oxygen functional groups on GO. Following purification, GO-COOH is
combined with PEI and EDC to covalently link PEI to the GO surface. B) IR spectra of GO-
COOH and GOPEI variants. Red shifting of carbonyl peak suggests conversion of carboxylic
acids to amides. C) TGA of GO-COOH and GOPEI. Increased mass loss of GOPEI
represents removal of PEI groups from the surface.

in Table 2.1. The percent mass lost leading to each temperature is equivalent to the percent of the

original sample that contained that functionalization. GO-COOH has 33.75% by mass unstable

oxo groups, where GO-2kDa-PEI contains only 13.54% by mass unstable oxo groups and

40.38% by mass PEI functionalization. GO-25-kDaPEI contains even less unfunctionalized

unstable oxo groups at 10.67%, and more PEI by weight at 54.98%.
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Table 2.1: ZP and TGA results for GO species
Zeta Potential in

. 0 LTI
GO Species UltraPure water Y% Functionalization
GO-COOCH -20.7 5.0 mV | 33.75 (unstable oxo)

i 13.54 (unstable oxo)

GO-2kDakPEI +28.3+3.1mV 40.38 (PEI)

] ) 10.67 (unstable oxo)

GO-25kDa-PEl | +40.4+1.6 mV 54.98 (PEI)

ZP measurements were recorded in UltraPure water to ensure that the hypothesized
positive charges would indeed be observed in aqueous solution for GOPEI variants. At neutral
and physiological pH, the carboxylic acid groups of GO-COOH are deprotonated, resulting in a
negatively charged species that repels the negative backbone of DNA. After functionalization,
the terminal amines of PEI are protonated at equivalent pH, resulting in a positively charged
species that will attract DNA electrostatically. Results for ZP are given in Table 2.1. GO-COOH
is negatively charged (-20.7 = 5.0 mV), whereas GOPEI variants are positively charged (2kDa:
28.3 + 3.1 mV, 25 kDa: +40.4 + 1.6 mV) under identical conditions. These results further
support functionalization and the synthesis of nanocarriers that will interact strongly with DNA-

bearing CoGli.
2.2.2.2 Calculating dsCoGli Loading Thresholds

Due to the fluorescence quenching properties of PEIl and GO, ** 47 a fluorescently labeled
version of dsCoGli (dsCoGliF) was used to determine the interactions between dsCoGli and PEI
or GOPEI (Figure 12). Fluorescence is quenched when dsCoGliF is in proximity to any of these
materials. Therefore, dsCoGliF was incubated with GO, PEI, and GO-2kDa-PEI at 5 pg/mL final

concentrations, and fluorescence intensity was tracked for 30 minutes, with maximum quenching
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achieved within five minutes of mixing (Figure 2.12). Preliminary fluorescence quenching
experiments demonstrate that dsCoGliF is only quenched by PEI and GOPEI, not unmodified
GO. These results are consistent with the electrostatic attraction between positively charged PEI

and the negative backbone of DNA.
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— CoGli alone
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o

— 5 ug/mL GOPEI
— 5 ug/mL PEI

Fluorescence Intensity

Time (minutes)

Figure 2.12: Fluorescence intensity changes over time. Fluorescence is quenched during
capture by PEI and GOPELI. Fluorescence is not quenched by non-PEI bearing GO.

Quantification of the maximum dsCoGliF loading capacity of PEI and GOPEI variants
was determined by fixing the amount of dsCoGliF at 23.6 pg and varying the final concentration
of the nanocarrier at 1:4, 1:2, 1:1, and 2:1 weight ratios of dsCoGli:GOPEI. Fluorescence
quenching curves (Figure 2.13, GO-2kDa-PEI: A and GO-25kDa-PEI: B) show that the identity
of the GOPEI species does have an influence over the amount of fluorescence that is quenched.
Since the percentage of fluorescence quenching is proportional to the total percentage of
dsCoGliF loaded, Eq. 2.1 was used to calculate the mass of CoGliF that is loaded per gram of
PEI or GOPEI. For GO-2kDa-PEI, loading maximizes around 400 mg dsCoGliF/g GOPEI. For

GO-25kDa-PEl, this is increased to approximately 700 mg dsCoGliF/g GOPEI (Figure 2.13, C).
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Figure 2.13. Loading of dsCoGliF onto PEI and GOPEI species. A) Fluorescence quenching
curves of dsCoGli on GO-2kDa-PEI at varying weight ratios of dsCoGli:GOPEI. . B)
Fluorescence quenching curves of dsCoGli on GO-25kDa-PEI at varying weight ratios of
dsCoGli:GOPEI. C) Quantification of loading of dsCoGli onto GOPEI variants. Loading for
GO-2kDa-PEI maximizes around 400 mg/g, whereas loading on GO-25kDa-PEI maximizes
around 700 mg/g. D) Quantification of dsCoGli capture by free PEI. Free PEI at 2 and 25
kDa can efficiently capture up to 4x their average weight of dsCoGili.

Fluorescence quenching properties of free PEI were also used to calculate the amount of

dsCoGli that free PEI can capture. For both 2 and 25 kDa PEI, PEI captures up to 4-fold its

weight in dsCoGli (Figure 2.13, D). To ensure complete loading in following cellular studies,

dsCoGli was delivered by a 1:4 weight ratio of GO-2kDa-PEl, 1:2 weight ratio of GO-25kDa-

PEI, or 3:1 weight ratio of free PEI.
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2.2.2.3 Cellular Toxicity and Inertness of GOPEI variants to Hedgehog Signaling

Cellular Toxicity: It is imperative that a delivery system be non-cytotoxic and inert to the

Hh signaling cascade to study the isolated efficacy of dsCoGli as an inhibitor. For the first
consideration, it is also of interest to ascertain whether tethering PEI to the GO surface reduces
the toxicity of PEI as hypothesized. If so, it will contribute to determining if GOPEI is superior
to free PEI as a delivery vehicle. Toxicity was determined in the ASZ cell line after 24 hours of
incubation with both 2 and 25 kDa PEI and GOPEI (Figure 2.14, 2kDa species: A, 25kDa

species: B). Since it is ideal for the delivery vehicle to not influence cellular viability, the 1C10o
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1
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Figure 2.14. 24 hour Cytotoxicity of 2 and 25 kDa free PEI and tethered GOPEI species. A)
Toxicity of 2 kDa variants. B) Toxicity 25 kDa species. Lines at 90% viability represent
cutoffs for concentrations of delivery vehicles that can be used in further cellular assays. GO-

2kDa-PEl is the least toxic, with GO-25-kDa-PEI and 2 kDa free PEI having similar toxicity,
and 25 kDa free PEI is the most cytotoxic.

Table 2.2: Cytotoxicity of delivery vehicles

Species 2kDa PEI GOI;ZEkIDa- 25kDa PEI | GO-25kDa-PEI
AIIJg;)X- 8 ng/mL >65 pg/mL | <1 pg/mL 8 ng/mL
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was determined to be an absolute cutoff for maximum concentration of the vehicle that can be
used. Dosing will not be higher than when 90% of the cells remain viable. Table 2.2 summarizes
these results.

GO-2kDa-PEl is the least cytotoxic with an 1Cyo greater than 65 pg/mL. Free PEI at 2kDa
and GO-25kDa-PEI share similar cutoffs around 8 pg/mL, and 25 kDa free PEI is the most
cytotoxic with an ICy of less than 1 ug/mL. For both molecular weights, toxicity associated with
free PEI is significantly reduced upon coupling to GO. This is initial data suggesting that GOPEI
is a superior delivery vehicle choice for further cellular studies but will be explored further in
section 2.2.2.4 evaluating cellular internalization.

Inertness to Hh signaling: With cellular toxicity in mind, it is also imperative that a

delivery vehicle bear no impact on the Hh signaling cascade. As an initial test, ASZ cells were
dosed with GO-2kDa-PEI and GO-25kDa-PEI. After 24 hours, cells were harvested in TRIzol
lysis reagent for analysis via quantitative real time- Polymerase Chain Reaction (QPCR) for Hh
MRNA transcripts. This technique elucidates quantitatively the amount of a transcript actively
produced by Gli transcription factors as a measure of Hh activity. Specifically, both Glil and
Hhip transcripts were monitored as they are directly transcribed through the Hh cascade.

For a negative control, 3 wells were incubated in the absence of any delivery vehicles. As
a positive control, 3 wells were incubated with 5 uM GANT-61, the ICso of a known Gli
inhibitor. The experimental conditions contained 3 wells each of either 5 ng/mL GO-2kDa-PEI
or 2.5 pg/mL GO-25kDa PEI (Figure 2.15). Half the concentration of GO-25kDa-PEI was
chosen due to the differences in loading capabilities determined in Section 2.2.2.2. Notably, both
experimental conditions represent concentrations that are lower than the established cutoffs of 65

and 8 pg.mL, respectively. At 5 pg/mL, GO-2kDa-PEI did not exhibit changes to Glil and Hhip
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transcripts compared to the non-treated control. However, 2.5 pg/mL GO-25kDa-PEI did result
in reduction of these transcripts to a similar extent as 5 uM GANT-61. This suggests that while
non-toxic concentrations of GO-2kDa-PEI are inert to Hh signaling, the same conclusion cannot
be made for GO-25kDa PEI. As such, GO-2kDa-PEI was determined to be the superior choice

for further evaluation of delivery of dsCoGli for the inhibition of Gli transcription factors.
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Figure 2.15. Evaluation of GOPEI variant inertness to Hh signaling via g°PCR. Both Glil and
Hhip transcripts are directly produced via activity of Gli transcription factors and the Hh
signaling cascade. While GO-2kDa-PEI does not significantly reduce production of these
transcripts compared to the non-treated control, GO-25kDa-PEI does to a similar extent as
GANT-61, a known Hh inhibitor. This suggests GO-2kDa-PEI is the superior choice for
further cellular studies of CoGli delivery.

2.2.2.4 Evaluating Cellular Internalization and Lysosomal Escape

Cellular Internalization: Comparative intracellular delivery of dsCoGli by 2 kDa PEI and

GO-2kDa-PEI was evaluated by confocal fluorescence microscopy (Figure 2.16, A) and ICP-MS
(Figure 2.16, B). For confocal microscopy, ASZ murine BCC cells were dosed with 20 nM
dsCoGIliIF@PEI and dsCoGliF@GO-2kDa-PEI for 24 hours before imaging. ASZ cells were
dosed with non-fluorescently labeled dsCoGli@PEI and dsCoGli@GO-2kDa-PEI for 24 hours

before ICP-MS analysis for ®°Co quantification.
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Figure 2.16: Internalization of CoGli. A) Fluorescently labeled (AlexaFluor488) CoGliF is
loaded onto PEI or GOPEI and dosed onto ASZ cells in 2% serum media for 24 hours.
Internalization is visualized 24 hours later via confocal microscopy. Green channel: CoGliF
(excitation @ 488 nm) Blue channel: DAPI nuclear stain (excitation at 405 nm). B) Non
fluorescently labeled CoGli is loaded onto PEI or GOPEI and dosed onto ASZ cells. Cells are
trypsinized after 24 hours and are counted prior to digestion for ICP-MS analysis of
internalized cobalt. Bars represent mean and standard deviation of triplicate samples. PEI and
GOPEI loading ratios were 3:1 and 1:4 dsCoGli(F):Nanocarrier, respectively. **=99%
confidence interval determined by Multiple Unpaired t-tests in GraphPad Prism.

A fluorescent signal for dsCoGliF is detected when delivered by both PEI and GOPEI
(Figure 2.16, A). This suggests both internalization and release from the nanocarriers, as
fluorescence would be quenched in proximity to PEI and GOPEI. The signal for GO-2kDa-PEI
appears more substantial than that of PEI, suggesting the possibility of either improved
internalization or retention. However, more quantitative analysis cannot be performed via
confocal microscopy. This is further explored via ICP-MS analysis of cell samples for °Co after
incubation with dsCoGli. A dose-dependent uptake pattern is observed for both PEI and GOPEI
CoGli nanocarriers (Figure 2.16, B). However, a 3.5-fold improvement in accumulation is
observed for 300 nM dsCoGli@GO-2kDa-PEI over dsCoGli@PEI (p=0.0106). This could be

attributed to either improved internalization, improved intracellular release and retention, or a
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combination of both. Considering both the improved cytotoxicity profile and internalization
capability of GO-2kDa-PEl, it was the only delivery vehicle chosen for further cellular studies.

Lysosomal Escape: A common concern with nanoparticles as intracellular delivery

vehicles is the difficulty of endosomal/lysosomal escape.*® Gli proteins are activated in the
cytosol before entering the nucleus; thus, it is imperative that CoGli inhibitors can escape the
cytosolic endosomal/lysosomal pathway to target Gli proteins before they cross into the nuclear
envelope. To determine compartmental localization of dsCoGli upon delivery with GO-2kDa-
PEI, ASZ cells were incubated with CoGli@GO-2kDa-PEI for 24 hours before washing and
replacing the media. Cells were simultaneously stained with a lysosome-responsive fluorophore
and imaged via confocal microscopy (Figure 2.17, A). After an additional 24 hours, the washed
cells were re-stained for lysosomes and imaged. The percentage of lysosomal colocalization at
each time point was determined by calculating the percentage of green pixels (dsCoGliF)
overlapping with magenta pixels (LysoView633) in the same image field.

As seen previously in Figure 2.16, internalization of dsCoGliF is observed after 24 hours
of incubation. The percent colocalization with lysosomes was determined to be 82.3 £ 6.8 %,
suggesting that CoGliIF@GO-2kDa-PEI is internalized by endocytosis. After 24 hours of
removing any un-internalized dsCoGliF, the lysosomal colocalization fell almost 50% to 42.2 *
12.4 (Figure 2.17, B), a difference that is significant to the 99% confidence interval (p=0.0045).
This demonstrates that dsCoGli is retained in the cells 48 hours since initial dosing and provides
evidence that dsCoGli escapes the lysosomal pathway. These results suggest that dsCoGli
delivered by GO-2kDa-PEI will exhibit sufficient bioavailability for Gli inhibition.

It is notable that after 48 hours of access to dsCoGli, colocalization in the nucleus is not

observed to a significant degree. Nuclear colocalization is ideal for transcription factor inhibitors
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at large as that is where they actively transcribe DNA. However, Gli proteins are activated in the
cytosol following release from the SUFU complex.**-° This presents a unique advantage for Gli
protein inhibition, as intercepting the transcription factor in the cytosol before translocation is

sufficient for inhibition.
2.2.2.5 dsCoGli inhibits Hedgehog Signaling in a 2D Migration Assay of BCC

A scratch migration assay was performed to evaluate how the collective of delivery and

endosomal escape combine to inhibit Hh pathology. Since Hh signaling is responsible for the
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Figure 2.18: ASZ scratch assay results. A) Representative images of (left to right) non-treated
control, 300 nM CoGli@GO-2kDa-PEI, 5 uM GANT-61, and 300 nM GANT-61. White lines
are included for clarity and represent the cell-free area of each condition. B) Normalized
scratch healing results. Non-treated controls were normalized to 100% scratch healing after 48
hours, and all other conditions were adjusted proportionally. Bars represent the mean and
standard deviation of conditions tested in triplicate. The 99.9% confidence interval for
statistical significance is represented by ***. No statistical significance was observed for the
comparisons between NTC, GOPEI, and 300 nM GANT-61. Similarly, no statistical
significance was observed between 300 nM CoGli@GO-2kDa-PEI and 5 uM GANT-61. A
full table of ANOVA results, as well as a T=0 and T=48 hours photos for every replicated are
in Experimental Section 2.4 (Table 2.3, Figure 2.20).
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migration of ASZ cells, the ability of dsCoGli@GO-2kDa-PEI to halt the migration of a
monolayer of ASZ cells into a scratched cross-section was tested (Figure 2.18, A). !

After 48 hours, nontreated ASZ cells healed most of the scratched area; this healing was
normalized to 100%. GO-2kDa-PEI alone was evaluated and showed statistically non-significant
differences in migration from the non-treated control (Figure 2.18, B). However, dsCoGli carried
by an identical amount of GO-2kDa-PEI resulted in approximately a 50% reduction in the ability
to close the scratch that was statistically significant to the 99.9% confidence interval (Figure
2.18, B). These results suggest that the inhibition of migration is solely due to dsCoGli with no
interference from GO-2kDa-PEl.

GANT-61 served as a positive control to confirm that direct inhibition of Gli will produce
the observed changes in phenotype and that reduction in cell migration is indeed due to
inhibition of the Hh pathway. At an identical concentration of 300 nM, GANT-61 did not
prevent migration to the extent that it was statistically different from the nontreated cells (Figure
2.18, B). However, cell migration is significantly reduced at the ICso of GANT-61 (5 uM). These
results confirm that direct inhibition of Gli does inhibit Hh-driven migration. Furthermore,
inhibition of migration by 5 uM GANT-61 and 300 nM dsCoGli were not statistically different
from one another, demonstrating that dsCoGli is a more potent inhibitor than the current standard
for Gli inhibition by approximately 17-fold.

Importantly, the reduction in migration observed by 300 nM dsCoGli@GO-2kDa-PEI
and 5 uM GANT-61 represent non-cytotoxic concentrations of both inhibitors. Cytotoxicity data
in the ASZ cell line for both species is represented in Figure 2.19. While the 1Csp of each species
was not identified due to limitations of increasing concentrations of both species, the

concentrations responsible for reducing ASZ cell migration by about 50% do not show
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significant changes in cell proliferation/viability from the non-treated controls. This suggests that
while cell proliferation processes are not perturbed, the movement and migration of the cells is

halted in the presence of Gli inhibitors.
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Figure 2.19. Cytotoxicity of dsCoGli carried by GO-2kDa-PEI and GANT-61 in the ASZ
cell line. A) Toxicity of dsCoGli delivered at a 1:4 weight ratio to GO-2kDa-PEI. Significant
toxicity is not observed up to 800 nM. B) Toxicity of GANT-61. Some toxicity is observed at
10 uM, but not at 5 pM. Dotted lines on each graph represent the concentration texted in the

scratch migration assay. Significant toxicity is not observed at these concentrations (300 nM
dsCoGli, 5 uM GANT-61).

2.3 Conclusions and Outlook

In summary, this chapter explores the potential efficacy of graphene-oxide based delivery
vehicles for CoGli inhibitors of Hh signaling. Two strategies were proposed: 1) utilizing the pi-pi
stacking interaction of unmodified GO with single stranded DNA and 2) functionalizing GO

with positively charges PEI to generate an electrostatic attraction with the negatively charged

DNA backbone.
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The first strategy required the addition of salts to overcome electrostatic repulsions
between GO and DNA. The identity and concentration of salt were optimized to maximize
loading of CoGli synthesized with a 5 single strand overhang and minimize cellular toxicity.
Results suggested that 2+ cations promoted a lower concentration necessary for loading, and this
was determined to be no less than 0.25 mM. Additionally, the optimal loading ratio of
5ssCoGli:GO was determined to be 1:2 at this concentration. However, these delivery vehicles
ultimately failed to internalize CoGli due to off-competition with serum-containing media. One
possible solution for future investigation would be extending the single-stranded overhand to 10
or 20 base pairs to strengthen the pi-pi stacking interaction and the media stability of the
construct.

The second strategy of functionalization with PEI was explored with both 2 kDa average
molecular weight PEI and 25 kDa average molecular weight PEl. The GOPEI variants were
synthesized via direct chemical coupling of PEI to the GO surface and characterized by IR,
TGA, and ZP. Loading thresholds and cytotoxicity were evaluated for each construct, with GO-
25kDa-PEI requiring less delivery vehicle to fully load dsCoGli but being significantly more
cytotoxic. This, in addition to the fact to GO-25kDa-PEl is not inert to Hh signaling, eliminated
GO-25kDa-PEI as an effective vehicle. GO-2kDa-PEI, however, exhibited less toxicity and is
inert to Hh signaling. As such, it was further explored for internalization, lysosomal escape, and
ultimately its ability to deliver CoGli inhibitors of Hh signaling in an assay of BCC migration.

Ultimately, dsCoGli escapes the lysosomal pathway when delivered by GO-2kDa-PEl
and is biologically available for Gli inhibition. When assayed against GANT-61 in a wound
healing assay of ASZ cells, 300 nM CoGli and 5 uM GANT-61 reduce Hh-driven wound healing

by about 50% at a 99.9% confidence level of significance from non-treated controls and GO-
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2ka-PEI vehicle controls. However, they were not statistically different for one another. It can be
concluded that CoGli, when delivered by GO-2kDa-PEI, exhibits approximately a 17-fold
improvement in reduction of Hh-driven wound migration over GANT-61, the current gold
standard.

For the community of BCC and cancer research as a whole, developing more effective
Hh inhibitors remains an important goal. For CoGli complexes specifically, work towards
improving the synthesis of the complex will be paramount for future preclinical work and
potential clinical translation. While GOPEI constructs proved efficacious in vitro for this first
investigation of CoGli inhibitors, it is possible they would be less effective in vivo due to lack of
targetability and likely poor tissue penetration. Future work will need to be dedicated for

optimizing delivery of CoGli agents for therapeutic success.

2.4 Experimental Section

General. All chemicals were purchased from Sigma-Aldrich. The ASZ and BSZ cell lines were
obtained from Professor Robert Holmgren at Northwestern University. FBS, M154 media,
DPBS, and NucBlue stain were obtained from ThermoFisher (MT35010CV, M154CF500,
14190250, and R37605, respectively). Trypsin was obtained from Gibco (TrypLE, 12563011).
Pen/Strep was obtained from Sigma-Aldrich (P0781). All DNA sequences were obtained from

IDT with standard desalting.

Synthesis of dsCo(l11)-DNA and 5ssCo(ll11)-DNA Conjugates. The synthesis of CoDNA
conjugates (CoGli and CoGliF) was performed according to literature protocols and is described
in Appendix 3. DNA sequences contain phosphorothioate linkages (denoted by *) at both the 3’

and 5’ end to prevent degradation by endonucleases. Due to the challenges of HPLC purification,
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single-stranded DNA with Co—Sb attached was purified through size-exclusion Nap25 columns
(Cytiva Life Sciences Illustra, 17085201). The samples were run through two columns to remove
excess uncoupled Co(ll1)-Sh. Fractions were collected from the final column and analyzed by

UV-vis and ICP-MS for DNA:Co ratio. Samples used experimentally exhibited a 1:1 ratio.

Synthesis of GO-COOH: Graphene oxide (1.375 mg/mL) was prepared via a modified
Hummer’s method from the reaction of graphite flakes with sulfuric acid and KMnO4. A slurry
in water and H>O> was prepared, vacuum filtered, and washed with 1:10 HCI solution. The GO
was then resuspended and purified with multiple rounds of centrifugation, resuspending the GO
pellet in water each time. The purified GO was probe-sonicated with a Fisher Scientific model
500 Sonic Dismembrator with a 1/2 inch tip for 1 h at 50% amplitude (~55 W). A total of 12 mL
(16.5 mg) was combined with 2 g of NaOH (50 mmol) and 1.42 g of chloroacetic acid (15
mmol). The resulting suspension was probe-sonicated for 2 hours at 25% amplitude. The pH was
lowered to 4.5 via dropwise additions of 1M HCI. GO-COOH was purified via centrifugation by
washing x4 in UltraPure water. After the final wash, the pellet was resuspended in UltraPure
water, freeze-dried, and weighed. Approximately 10 mg were stored as solid for characterization.
A 2 mg/mL stock of GO-COOH was made with the remaining particle in UltraPure water by

probe sonicating at 25% amplitude for 30 minutes.

Synthesis of GO-2kDa-PEIl: In a 15 ml centrifuge tube, 6 mL of 2 mg/mL GO-COOH stock (12
mg) and 6 mL of a 3 mg/mL solution of 2kDa PEI (18 mg) were combined in a centrifuge tube.
The mixture was bath sonicated for 10 minutes before adding 0.1 mL 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide. The centrifuge tube was turned end-over-end for 24 hours.

GO-2kDa-PEI was purified via centrifugation by washing 1x in PBS and 3x in UltraPure water.
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After the final wash, GO-2kDa-PEI was freeze-dried and weighed. Approximately 10 mg of
solid were stored for characterization. Next, a 0.8 mg/mL GO-2kDa-PEI stock was made from

the remaining solid by probe sonicating in UltraPure water at 25% amplitude for 30 minutes.

Synthesis of GO-25kDa-PEI: In a 15 ml centrifuge tube, 8 mL of 2 mg/mL GO-COOH stock
(16 mg) and 40 mg of 25kDa PEI were combined in a centrifuge tube. The mixture was bath
sonicated for 10 minutes before adding 0.4 mL 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide.
The centrifuge tube was turned end-over-end for 24 hours. GO-25kDa-PEI was purified via
centrifugation by washing 1x in PBS and 3x in UltraPure water. After the final wash, GO-
25kDa-PEI was freeze-dried and weighed. Approximately 10 mg of solid were stored for
characterization. Next, a 0.8 mg/mL GO-25kDa-PEI stock was made from the remaining solid by

probe sonicating in UltraPure water at 25% amplitude for 30 minutes.

Thermogravimetric analysis of GO species: Thermogravimetric analysis (TGA) experiments
were carried out on a Q500 thermogravimetric analyzer (TA Instruments Inc., New Castle, DE).
Before analysis, GO-COOH and GOPEI samples were lyophilized to remove as much adsorbed
water as possible. Approximately 3 mg of nanocarrier were weighed precisely before samples
were heated from room temperature to 800 °C with a nitrogen gas flow (90 mL min™?) at a

heating rate of 5 °C min™. Mass loss represents the removal of covalent oxo/PEI groups.

Zeta Potential Measurements of GO species: The zeta potentials of GO-COOH and GOPEI
species were determined by dynamic light scattering using a Zetasizer (Malvern, UK).
Nanocarriers were diluted to a 0.07 mg/mL suspension concentration in UltraPure water. One
mL of sample was injected into a Zetasizer cuvette for analysis. Triplicate measurements were

taken to ensure reproducibility.
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CoGliF loading by GO and GOPEI: In a 364 black-walled plate, 10 puL of 2.36 ug/uL dsCoGliF
or 5ssCoGliF was added. Initial fluorescence measurements were taken with excitation at 490
nM and emission at 520 nM on a Synergy H1M plate reader. Next, the plate was removed, and
10 pL of GO, GO-2kDa-PEI, or GO-25kDa-PEI nanocarriers at 2x concentrations were added
quickly. For GO measurements containing NaCl, MgCl, and ZnCl,, the 2x GO stocks also
contained 2x the desired final concentration of respective salt. Fluorescent readings were then
taken every 30 seconds for 30 minutes to monitor fluorescence quenching. Finally, mass loading
ratios were calculated from the percent of fluorescence quenching and the masses of CoGliF and
PEI/GOPEI nanocarriers present in the well, corresponding to Equation 2.1

mg CoGli _ %COGliloaded X mg COGliFdosed
g GO gGOPEI or GOggseq

Equation 2.1: Where %CoGliioaded = %0AFiuroescence, MY dSCOGIiFdosed = 2.11e-5 mg, 5ssCoGliF=

2.37e-5 mg, and g of GO or GOPEI varies by condition.

Cell Culture: ASZ and BSZ murine BCC cells are cultured in 154 Calcium Free media
supplemented with 2% “chelexed” FBS, 1x pen/strep, and 0.05 mM CaClz. Since ASZ and BSZ
cells are sensitive to calcium, calcium is stripped from FBS by Chelex-100 (Bio-Rad 142-1253)
to achieve a known final concentration of 0.05 mM. Cells were passaged in 75 cm? flasks. To
split, cells were incubated in DPBS for 10 minutes before lifting in 2 mL of Trypsin for 10
minutes. The Trypsin reaction was quenched in M154 2% serum media, and Trypsin was
removed by centrifugation at 200 rcf for 10 minutes. The resulting cell pellet was resuspended in

2% serum M154 and passaged or counted for cell plating.
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Visualizing CoGliF Internalization and Lysosomal escape via Confocal microscopy:
Fluorescence images were taken on a Lecia SP5 Il Scanning Confocal Microscope. For
internalization experiments, cells were plated at a density of 50,000 cells/dish on a FluoroDish
(Fisher, 35100) in 500 pL of 2% serum media. Once 60-70% confluent, cells were treated with
20nM CoGiliF carried by weight ratios of 3:1 for 2kDa PEI, 1:4 for GO-2kDa-PEl, 3:1 for 25kDa
PEI, and 1:2 of GO-25kDa-PEI of PEI. For GO attempted internalization, the weight ratio was
1:1 5ssCoGliF/GO. For lysosomal staining, 1 pL of 1000x LysoView 633 (Biotium, 70058) was
added to the media for 1 hr. Media was swapped after 4x washing with DPBS, and DAPI stain
was added 10 minutes before imaging. Percent colocalization with lysosomes was determined
using ImageJ software analysis. Background signals were excluded from the threshold in both
images. A selection was created using the signal in the CoGliF channel and was superimposed
onto the LysoView channel. The percent colocalization was calculated by the percentage of
CoGiliF pixels that overlap with LysoView 633 pixels. Data were plotted in GraphPad Prism and
represent mean = one standard deviation. T-test comparisons were used to determine the
statistical significance of the resulting changes in colocalization from 0 hours post-CoGliF

removal to 24 hours post removal.

Cellular Toxicity: ASZ cells were seeded at a density of 5,000 cells/well in a 96 well plate
(Fisher, 012931) and grown to approximately 70% confluence. Cells were then treated with PEI,
GOPEI, CoGli@PEI, or CoGli@GOPEI for 24 hours in triplicate. To analyze, 20 uL of MTS
reagent (Promega, G3580) were added to each well, and the plate was incubated at 37 °C for 1-2
hours before 70 puL of media was removed from each well and transferred to a new 96 well plate
to eliminate interference from cells in absorbance readings. The absorbance at 490 nm was

measured on a Synergy H1M plate reader. The absorbance of the nontreated controls was
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normalized to 100%, and all other conditions were adjusted proportionally. The graphs represent

the mean + one standard deviation of the triplicate conditions.

Quantitative real time-Polymerase Chain Reaction of GOPEI species: ASZ cells were plated at
175,000 cells/well in 12-well plates. Once confluent, cells were either A) non-treated (3), B)
treated at 5 pg/mL GO-2kDa-PEl, treated at 2.5 pg/mL GO-25-kDa-PEI, or 5 uM GANT®6I.
After 24 hours, cells were washed 2x in DPBS before harvesting in TRIzol total mMRNA isolation
buffer (Invitrogen Life Technologies, Catalog # 15596-026) and storing at -80 °C in RNAase free
microcentrifuge tubes. The Qiagen miRNeasy minikit (Qiagen Technologies, Part Number
217004) was used to extract mRNA from all samples. The total quantity of mMRNA extracted was
verified through nano-drop Ultraviolet-Visible absorption with NanoDrop adaptation.
Complimentary DNA sequences were transcribed from 1 pg of mRNA from each sample using
Superscript 11l First-Strand Synthesis SuperMix for qRT-PCR (Invitrogen, Part Number
11752050). Quantitative rt-PCR was performed on a Roche Light Cycler ® 96 with Faststart
essential DNA green master (Roche catalog number 6402712001). The transcript 18s was used

as a control. All forward and reverse sequences can be found in Appendix 5.

Determining CoGli internalization via ICP-MS: ASZ cells were plated in 24 well plates
(Corning 3526) at a density of 30,000 cells/well. Once confluent, cells were treated with 0, 150,
or 300 nM dsCoGili in triplicate carried in at CoGli/carrier weight ratios of 3:1 for 2kDa PEI and
1:4 for GO-2kDa-PEI. For GO attempted internalization, the weight ratio was 1:1 5ssCoGli/GO.
After 24 hours, cells were trypsinized and counted via Flow Cytometry using a Guava PCA
system using the Guava ViaCount protocol provided by the manufacturer. Immediately, 350 pL

of cell suspension were dissolved in trace metals grade HNO3z for 16 hours at 60 °C. Samples
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were diluted to an exact final volume of 10 mL and analyzed on a computer-controlled
(Plasmalab software) Thermo X series Il ICP-MS (Thermo Fischer Scientific, Waltham, MA)
equipped with an ESI SC-2 autosampler (Omaha, NE). Each sample was acquired using one
survey run (10 sweeps) followed by three main (peak jumping) runs (100 sweeps). *°Co was the
primary isotope analyzed, and %Y and %°In were analyzed as internal standards for data
interpolation and instrument control. ICP-MS data was back-calculated in combination with cell
counting to calculate [Co] in fmol/cell, subtracting the amount of cobalt determined to be in
equivalent amounts of M154 media. Graphs represent the mean £ one standard deviation of

triplicate conditions.

Scratch assay: ASZ cells were plated at a density of 30,000 cells/well in 12 well plates (Corning
3512) and grown to 100 % confluence in 2% serum media. On Day 0, wells were pre-treated in
triplicate with controls or respective Hh inhibitors for 24 hours. On Day 1, the monolayer of cells
was scratched using a sterile 200 pL pipette tip in a cross. The wells were washed 3x with DPBS
to remove detached cells, and the media was reduced to 0.4% serum to encourage migration and
not proliferation into the scratched area. Cells were then re-treated with controls or respective Hh
inhibitors, and T=0 images were taken on a wide-field microscope at 4x magnification. Plates
were incubated at 37 °C, and wells were re-imaged at 24 and 48 hours. The percentage of wound
healed was measured by comparing cell-free areas calculated in ImajeJ at T=0 and T=48 hours.
Data were plotted in GraphPad Prism and report the mean * one standard deviation of triplicate
conditions. One-way ANOVA statistical analysis showed the significance of percent wound

healing amongst the various conditions. Complete ANOVA Analysis is shown in Table 2.3.
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C. 300 nM CoGli@GOPEI
T=0 T=48

A. NTC B. GOPEI control
T=48

D. 5 uM GANT-61 E. 300 nM GANT-61
T=0 T=48

Figure 2.20: Scratch wound healing images. Triplicate results for scratch wound healing of
ASZ cells in response to A) non-treated control, B) GO-2kDa-PEI control, C) 300 nM
CoGli@GO-2kDa-PEI, D) 5 uM GANT-61, and E) 300 nM GANT-61. NTC and GOPEI
were tested at n=5 and all other conditions at n=3. The wound area at T=0 and T=48 was
measured via ImageJ and statistical analysis was carried out via one-way ANOVA in
GraphPad Prism.



Table 2.3. Full ANOVA analysis of ASZ scratch migration assay
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Tukey’s Multiple Mean 95% CI of Below Summar Adjusted
Comparisons Test Diff. diff Threshold? Y| p-value
NTC vs. GOPEI 0.6612 ‘22‘;‘;;0 No Ns | >0.9999
NTC v. 3000M 331110 o
CoGli@GOPEI °8.18 83.24 Yes 0.0001
NTC vs. 3000nM GANT-61 | 19.83 | 52310449 | _ No Ns 0.1427
NTCVs.5 UM GANT-61 | 5093 | 200710 Yes x| 00004
GOPEI vs. 300nM 324510 o
CoGli@GOPE 57:51 82.58 Yes 0.0001
GOPEI vs. 300nM GANT-61 | 1917 | 051 No Ns | 01622
GOPEI vs. 5 UM GANT-61 | 5027 | 252107533 | _ Yes % | 0.0005
300 nM CoGli@GOPEI vs. -63.4 to o
300 "M GANT-61 3834 | 1328 ves 0.0036
300 nM CoGli@GOPEI vs. 5 323110
UM GANT-61 -7.249 1781 No Ns 0.8701
S00NMGANT-61vs. SUM | 5109 | 6031056.15 |  VYes x 0.0147

GANT-61
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Chapter 3

Investigating Hedgehog Pathological Onset in Cellular Systems



101
3.1 Introduction

The focus of research efforts for BCC therapeutics has centered on treating existing
lesions. This is common for cancer treatment as a whole, but BCC is unique from other cancers
in that its recurrence rate is remarkably high.? This includes lesions that have been treated that
come back in the same location but also includes entirely new lesions appearing at another
location on the body. It is estimated that approximately 30-45% of patients diagnosed with BCC
will develop at minimum one more lesion during their lifetime.? ® However, this number has
varied widely across numerous countries including Japan,* Australia,> ® Brazil,” Germany,® and
the Netherlands.® From these studies, some risk factors for recurrence can be predicted such as
younger age, lighter skin tone, superficial BCC subtype at time of diagnosis, red hair phenotype,
and male gender.> ° For patients with these risk factors worldwide, preventative strategies for
BCC become equally as important as treatment. Preventative measures focus on reducing sun
exposure, which is crucial, but is not enough for many patients to prevent disease recurrence.

The connection between Hh signaling and BCC is well understood- aberrant or
unregulated Hh activity is causative of BCC.> 2 This occurs through a hyperproliferative
mechanism where basal cells also resist their natural differentiation or cell death cycles.'® 4
Over time, tumors develop within the skin and ultimately lead to sores and lesions. However, the
molecular driving forces throughout the process of cancer progression remain largely unknown,
specifically in relation to how initial Hh pathological dysregulation leads to the vast subtypes,
phenotypes, and outcomes associated with BCC. While several new driving forces have been
discovered in developed disease,’ the initial onset of disease has remained largely unstudied.

In this section the first fundamental question discussed is: Can currently available Hh

inhibitors prevent the onset of Hh signaling in a cellular system? While parallel driving forces of
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BCC onset may be unknown, it is clear that Hh signaling plays a crucial role. If currently
available Hh inhibitors effectively prevent dysregulation, they could be the first choice for
studying BCC prevention in existing patients. The second portion of this chapter focuses on
studying exogenous Hh activation in basal cells isolated from human skin tissue. It was
hypothesized that exogenous manipulation of Hh signaling would result in amplified
proliferative and migratory phenotypes in these cells which could be probed molecularly to

identify biological cascades working in tandem with Hh signaling during BCC phenotypic onset.
3.2 Results and Discussion
3.2.1 Activation in the pluripotent CsH/1071/2 cell line

While section 3.2.2 of this chapter will discuss efforts towards studying the onset of Hh
signaling in skin cells specifically, a literature standard for evaluating the onset of general Hh
activity is performed in the C3H/1071/2 cell line.*5° This line is a pluripotent murine fibroblast
identity that undergoes osteogenic differentiation in response to Hh signaling activation.?° This
transition is further characterized by the onset in expression of alkaline phosphatase (ALP),?! a
membrane bound glycoprotein that catalyzes the cleavage of phosphate esters.

It was hypothesized that this system could be used to study the effectiveness of currently
available Hh inhibitors in prevention of Hh pathological onset if C3H/1071/2 cells were
concurrently treated with an Hh activator and an Hh inhibitor. While this is not uncommon to the
literature, studies primarily focus on sonic hedgehog (SHH) proteins as the activator at PTCH1
as it is the natural initiator of the pathway.® The goal of this research was to take this system one
step further and also evaluate inhibition response when smoothened (SMO) is the point of

pathway overactivation. In BCC, loss of PTCH1 function and gain of SMO function mutations
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are the most common,'* ** and it was hypothesized that inhibitors may exhibit differential
response dependent on the point of activation. In this section, both SHH and smoothened agonist
(SAG) are explored as Hh activators while Vismodigeb and Cyclopamine, smoothened

inhibitors, and GANT-61, a Gli inhibitor, are evaluated for their ability to prevent Hh initiation.
3.2.1.1 Optimizing all activator and inhibitor concentrations

It is important that the different activators enact similar differentiation onto the cells so
that inhibition can be directly compared. To optimize this, the C3H/1071/2 cell line was allowed
to differentiate either in response to SHH recombinant protein (30 nM or 50 nM) or Smoothened
Agonist (SAG, 100 nM).

The resulting data is summarized in Figure 3.1. Both 100 nM SAG and 30 nM SHH
produced similar increases in ALP concentration in differentiated C3sH/1071/2 cells over the non-
treated control. Specifically, 100 nM SAG produced ALP relative fold concentration of 7.6 +
0.71 and SHH at 9.2 + 1.3 which were not statistically different when analyzed by one-way
ANOVA analysis (p=0.4106). However, 50 nM SHH resulted in a significantly higher relative
fold concentration of 22 + 2.2. As such, 30 nM SHH and 100 nM SAG were chosen for all
further activation experiments.

Before performing concurrent inhibition experiments with Vismodigeb, Cyclopamine,
and GANNT-61, cytotoxicity was determined for each compound. DMSO was also evaluated as
it is the solvent for each of the three compounds. The C3H/1071/2 cell line was found to be quite

sensitive to DMSO at low percentages in cell media (Figure 3.2, A). Due to the constraints of



104

.S 30

&

5

o 20

cC QO

8<_EI ns

=R 1

et 104

()

2

S

©

o 0-
O © QO X
NIC I AIRCS

S

Figure 3.1: Quantification of ALP concentration in cell lysates in response to Hh activators.
Both ALP and total protein concentration were determined and ng of ALP/mg of total protein
was calculated for each sample. To normalize across biological replicates, the NTC samples
were normalized to 0 by dividing each sample by the group average. The treated samples were
normalized similarly by dividing by the same group average of the NTC samples. The
multiplicity for 100 nM SAG is 7.6 £ 0.71 and for 30 nM SHH is 9.2 + 1.3, which were not
statistically different from one another using one-way ANOVA analysis (p=0.4106). Analysis
was performed in GraphPad Prism and error bar represent the mean + the standard error of the
mean. A high concentration of SHH, 50 nM, resulted in 22 + 2.2 fold concentration increase, a
concentration that could not be matched by small molecule SAG. Error bars represent the
mean + one standard error of the mean.

pipetting small volumes for toxicity assays in 96 well plates, 0.33% DMSO was determined to be
the maximal percentage for evaluating the Hh inhibitors for cytotoxicity.

For all compounds, cell death was not observed out to 10 uM (Figure 3.2, B-D).
Interestingly, each compound at low concentrations slightly increased cell viability compared to
the non-treated controls. While there is not currently a hypothesis to explain this, the more
important factor is that higher concentrations of the inhibitors do not result in cellular death and

this full range is acceptable for studying in differentiation assays.
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Figure 3.2: Cytotoxicity of various Hh inhibitors in the C3H/10711/2 cell line. A) Cytotoxicity
of DMSO at various volume/volume percentages in cell media. The cells display high
sensitivity to low percentages of DMSO. B-D) Cytotoxicity of Vismodigeb, Cyclopamine, and
GANT-61 respectively. For all three compounds, cytotoxicity is not observed out to 10 uM. It
is concluded that these concentrations can be safely studied for inhibition of Hh initiation
without the risk of confounding cell death with prevention of differentiation. The chemical
structure for each compound is given in the bottom left corner of each respective graph. Error
bars represent the mean + one standard deviation.

3.2.1.2 Inhibition with smoothened antagonists (Vismodigeb, Cyclopamine)

The ability of currently available SMO inhibitors to prevent Hh pathological onset in the
C3H/1071/2 cell line was tested against pathway activation at both PTCH1 by SHH incubation
and at SMO by SAG incubation. To note, SAG was chosen because it shares a binding pocket
with many of the common smoothened inhibitors including Vismodigeb and Cyclopamine. The

idea was to build a model cellular system that mimicked a potential “mutation” of the binding
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site for these inhibitors which might reduce binding affinity and therefore efficacy. The
inhibitors chosen were Vismodigeb and Cyclopamine (both discussed in detail in Chapter 1).
Vismodegib and Cyclopamine have different structural components, and it was anticipated that
they would produce differences in their ability to prevent point-dependent pathway activation.
Each biological experiment contained non-treated controls that received no activator or inhibitor,
positive controls that contained only the activator, and 3-4 varying concentrations of inhibitors
with concurrent activation held constant at 100 nM SAG or 30 nM SHH.

When activated with SHH, Vismodigeb inhibited Hh activation with an estimated 1Csp of
approximately 10 nM. When activated by SAG, this inhibitor effect falls approximately 7.5-fold
to an ICso around 75 nM (Figure 3.3, A). While this is still an excellent inhibitory concentration,
it provides initial evidence in support of the hypothesis. The point of pathway activation has a
significant effect on prevention of pathway activation, but inhibition is still observed with both
SHH and SAG activators. However, Cyclopamine did not experience the same result. When
activated with SHH, Cyclopamine exhibits approximately a 100 nM ICso for prevention of Hh
activation. When activated with SAG, an ICso could not be determined out to 1 uM (Figure 3.3,
B), suggesting at least a 10-fold reduction in inhibitory effect.

To summarize, Vismodigeb inhibition with SHH or SAG activation produces model
systems where the inhibitory efficacy of a smoothened inhibitor is impacted by the point of
pathway activation, but inhibition is ultimately achieved at low nM concentrations.
Cyclopamine, however, produces a model system where the efficacy is obliterated at low nM
concentrations. This can be explained by the binding affinity of each compound for the desired

location. This data suggests that Vismodigeb can successfully out-compete SAG from the
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Figure 3.3: Prevention of C3sH/1071/2 differentiation by smoothened inhibitors in response to
SHH and SAG activators. A) Inhibition by Vismodigeb. Vismodigeb prevents activation by
SHH at an 1Cso around 10 nM and activation by SAG at approximately 70 nM. B) Inhibition
by Cyclopamine. When activated by SHH, Cyclopamine prevents 50% of differentiation
around 100-200 nM. When activated by SAG, inhibitions is not observed. C) Off-competition
of Cyclopamine by SAG. When Cyclopamine concentration is held constant at 150 nM, 50
nM SAG is sufficient to produce 73% of differentiation observed by the 100 nM SAG-only
positive control. These data suggest that smoothened inhibitor efficacy is dependent on the
point of Hh pathological onset, and different inhibitors experience different degrees of this
affect. Error bars represent the mean + one standard deviation.

pocket, but Cyclopamine cannot. In other words, the mimicked “mutation” can be overcome by
Vismodigeb but not Cyclopamine.

To confirm this, an off-competition experiment between Cyclopamine and SAG was
performed where the concentration of Cyclopamine was held constant at 150 nM and the
concentration of SAG was varied from 0 to 200 nM. The percentage of differentiation for each

condition was normalized to 100 nM SAG only positive controls (Figure 3.3, C). At 150 nM
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Cyclopamine, 50 nM SAG restores differentiation to 73% of what is observed from the positive
control. Treating concurrently with 100 nM SAG restores differentiation to 115% (within error
of the positive control) and 200 nM SAG boosts differentiation to almost 200% when normalized
to 100 nM SAG only. This data supports the hypothesis that treating the CsH/1071/2 cell line
with SAG as the Hh activator mimics a system where Cyclopamine cannot bind its target pocket
and cannot exhibit any inhibitory effect. Vismodigeb, however, overcomes that challenge in this

system, but that is often not the case for real mutations seen in human cancer.
3.2.1.3 Inhibition with Gli antagonists (GANT-61)

As discussed in Chapter 1, smoothened has been the primary target for chemotherapeutic
intervention of the Hh pathway, but mutations often lead to chemoresistant tumor recurrence that
even Vismodegib cannot overcome. Studies have shown the Gli transcription factors are a
valuable alternative target.?> 2 As shown in section 3.2.1.3, the efficacy of smoothened
inhibitors is dependent upon the point of pathway activation. Both Vismodigeb and Cyclopamine
are most effective at preventing Hh activation when PTCHL is the activated protein. This is
logical, as smoothened directly follows PTCHI in the pathway and inhibiting an “un-mutated”
SMO would easily block the activation signal from cascading. However, SAG activation mimics
a “mutation” or competition for SMO binding sites that the inhibitors must be able to overcome.

One of the reasons Gli transcription factors have gained attention is their potential ability
to bypass sensitivity to the point of pathway activation. To test that in this system, GANT-61 was
employed as a Hh inhibitor in identical C3H/1011/2 differentiation experiments. Unlike both
Vismodigeb and Cyclopamine, GANT-61 efficacy is not dependent on the point of pathway

activation (Figure 3.4). Regardless of activation point, the observed ICso for preventing
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differentiation was approximately 3 pM. Combined, the data collected from Vismodigeb,
Cyclopamine, and GANT-61 inhibition support the ability of currently available Hh inhibitors to
prevent activation without influencing cellular viability. Vismodigeb and Cyclopamine efficacy
are dependent on the point of activation. GANT-61, however, bypasses this complication in this

cellular system and would be worth studying in more skin specific systems.

-o- 30 nM SHH
-#- 100 nM SAG

100

50 ...............................................

% Normalized Differentiation

[GANT-61] in pM

Figure 3.4: Prevention of C3H/1071/2 differentiation by GANT-61 with SHH and SAG
activators. Regardless of activation point, GANT-61 prevents roughly 50% of differentiation
at approximately 3 uM. Error bars represent the mean + one standard deviation.

3.2.2 Activation in Normal Human Epidermal Stem Cells

While results from section 3.2 are encouraging for the ability of currently available Hh
inhibitors to prevent Hh activation, it cannot necessarily be directly translated to what might be
observed in BCC. Additionally, it does not provide insight into what other cellular mechanisms
translate initial Hh overactivation to a phenotype of cancer. To explore this further, normal
human epidermal keratinocytes (NHEK) were isolated from human tissue. The basal cell

population of the epidermis (from which BCC originates) 2* % is the predominant cell population



110
obtained during isolation. As such, it is a perfect cell system for evaluating the influence of
exogenous Hh activation on phenotypes associated with BCC. In this section, both proliferation

and migration changes associated with activation by SHH and SAG are discussed.
3.2.2.1 Influence of Exogenous Hh Activation on NHEK Proliferation

A reliable characteristic of BCC phenotype is hyperproliferation, especially early-stage
BCC.'® ™ Therefore it was hypothesized that incubating NHEK cells with Hh activators would
cause an increase in NHEK proliferation. To assay this, NHEK cells were plated sparsely for
multi-day proliferation analysis as detailed in Section 3.4. Both SHH and SAG were evaluated as
Hh activators acutely (cells only begin treatment on Day 1 of the assay) or chronically (cells
began receiving treatment in culture 5 days prior to plating the experiment).

Data for experiments containing acute treatments represent the average of results from 3
biological replicates with cells originating from different human donors (Figure 3.5, A). Both
SAG and SHH produce a slight increase in proliferation over non-treated cells on average.
However, this result is mild and for SAG diminishes after 4 days of proliferation. Chronic
activation results were performed only once, and data represents the average of 4 technical
replicates (Figure 3.5, B). A similar trend is observed where the increased proliferation is mild
and is lost altogether at Day 4 of proliferation. Additionally, when compared to the averages of
acute SAG and SHH treatments, 5 days of chronic treatment did not produce a more profound
increase in proliferation (Figure 3.5, C&D).

Of note, while the averages of acute treatment show mild increases in proliferation,
individual biological replicates showed differential responses (Figure 3.6). Donor 1 was most

responsive to SAG, Donor 2 was most responsive to SHH, and Donor 3 was non-responsive to
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Figure 3.5: Proliferation results of NHEK cells in response to SHH and SAG. A) Acute
treatments result in mild increases in proliferation over non-treated cells across 3 biological
replicates. B) Chronic treatment 5 days prior to experiment plating results in slight increases in
proliferation in one biological replicate. C&D) Chronic treatment for 5 days does not
significantly increase proliferation over acute treatment for both SAG and SHH, respectively.
Error bars represent the mean + one standard error of the mean.

both activators until Day 4. This data highlights a fundamental benefit of this methodology of
research- donor differences are built into the experiment inherently. But combined, it can be
inferred that resistance mechanisms to Hh activation that are present in healthy cells (Hhip,
PTCHL1, p53) are likely working to prevent the overactivation of a pathway that will lead to a
diseased phenotype. Both Western blot and gPCR analysis were attempted, but insufficient

cellular material specifically at early experimental days prevented this analysis from providing
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Figure 3.6: Proliferation response to acute SAG and SHH by donor. Donors 1&2 were both
sensitive to activators early, but differed in which activator they were more responsive to.
Donor 3 was non-responsive until Day 4, and even then only significantly responsive to SHH.
Error bars represented the mean + one standard error of the mean.

further insight. To address this in the future, it is recommended for more wells of each condition

to be plated and ultimately lysed.
3.2.2.2 Influence of exogenous Hh activation on NHEK migration

The second seminal phenotype of BCC is migration, which is predominantly observed in
later stages of BCC but has some influence in the beginning stages.?® 2" It was similarly
hypothesized that exogenous Hh activation would produce an increase in the migratory potential
of NHEK cells. To test this, NHEK cells were plated to confluence for scratch wound healing
assays detailed in Section 3.4. Images were taken every 6 hours from T=0 until any of the
replicates of any condition were nearly closed (usually between 16-24 hours depending on the
donor). ImageJ software was used to measure the area of the wound remaining at each time point

and the healed percentage was computed by dividing the final area by the initial.
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Figure 3.7: Influence of SAG and SHH on NHEK migration in a scratch wound healing
assay. A) Across four different biological replicates from different cell donors, migration was
either unchanged (Donors 2, 3) or reduced (Donor 1,4). This affect is amplified for Donor 4
upon chronic treatment of the inhibitors for 5 days prior to plating the experiment. Bars
represent the mean + one standard error of the mean. B & C) Representative images for Donor
3 and Donor 4 for acute treatment with SAG and SHH. Donor 3 shows near-complete wound

healing for each condition. Donor 4 shows reduced migration for cells treated with Hh
activators.

The results reveal, in some ways, a consistency to proliferation results. Each donor
experiences a different response to SAG and SHH. However, the result was the opposite of what

was hypothesized. Instead of increasing migration, acute SAG and SHH incubation either
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produced no changes in migration or migration was decreased (Figure 3.7). This affect was
amplified for Donor 4 when cells were dosed chronically for 5 days with SAG and SHH. The
inhibition of migration was more extreme in the chronically dosed cells.

Interestingly, the degree of non-treated control (NTC) migration over the time frame did
not have an influence over response to exogenous Hh activators. Both Donor 1 and Donor 3
NTC cells averaged almost 100% migration after 16-18 hours. Hh activators reduced migration
in Donor 1 but not in Donor 3. Similarly, both Donor 2 and Donor 4 NTCs only achieved an
average of ~70% migration at the end of the experiment. Hh activators reduced migration in
Donor 4 but not in Donor 2. This suggests that the overall migration rate of the non-treated cell
line does not predict the response to SAG and SHH. While these results do not yet have a data
supported explanation, it is possible again that innate Hh control mechanisms are preventing an
activation of migration. It is likely that in samples where migration is unchanged, this control
mechanism is not sufficient to stunt normal cell function but is in donors where migration was

halted.

3.3 Conclusions and Outlook

In summary, this chapter explores 1) the ability of Hh inhibitors to prevent Hh
pathological onset in the C3H/1071/2 cell line and 2) exogenous Hh activation of NHEK cells in
2D assays of proliferation and migration. In the C3H/1071/2 system, no innate Hh resistance
mechanisms exist to prevent activation. As such, there are no barriers towards studying
concurrent inhibition. Ultimately, smoothened inhibitors were found to have differential
inhibition efficacy dependent on the point of pathway activation (SAG vs SHH). Cyclopamine

could not overcome competition for its binding site by SAG, but Vismodigeb could, imitating
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pathway mutations that could influence smoothened inhibitor efficacy. GANT-61, however,
exhibited the same potency regardless of pathway activation. This data supports other literature
claims that perhaps Gli is the more valuable target for Hh inhibition.

While this data is promising, it is not directly translatable to understanding how Hh
initiation leads to BCC phenotype and if that process can be prevented with currently available
Hh inhibitors. To assay this, NHEK cells isolated from a variety of tissue donors were exposed to
SAG and SHH both acutely and chronically in proliferation and migration assays. Hh activators
produced a mild increase in cell proliferation but experienced a degree of donor dependency
across the three donors studied. Furthermore, 5-day chronic treatment with SAG and SHH did
not result in amplified proliferation. For these experiments to yield more conclusive results, it is
necessary to assay even more donors. Additionally, these results suggest that short-term
activation is insufficient to largely overcome innate Hh regulation mechanisms. The duration of
chronic treatment could be increased to see if long periods of inundation with activators would
eventually trigger a spike in proliferative phenotype.

Migration experiments produced a rather different result. Incubation with SAG and SHH
either did not change migration rate or resulted in reduced migration instead of the hypothesized
increase. These results are not yet understood, and alternative methods of pathological analysis
would be necessary to unpack it further. Because the only cell population actively involved in
migration are the ones at the edge of the scratch, bulk analysis by g°PCR and Western blot are not
ideal analysis methods. Future work towards elucidating reasonings for these trends should focus
on immunostaining for relevant proteins at the scratch edge. However, it is important to
remember that migration is a phenotype of later stages of BCC and increased migration may not

be achievable by short-term Hh activation. However, understanding the source of migratory
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reduction could elucidate connected pathways that are imperative for controlling Hh overactivity

that may start to fail during the development of BCC.
3.4 Experimental Section

General: Cell culture supplies FBS, DPBS, and calcium-free M154 media were obtained from
ThermoFisher (MT35010CV, 14190250, and M154CF500, respectively). L-glutamine solution
was obtained from Sigma-Aldrich (200 mM, G7513). Basal Medium Eagle media was purchased
from Life Technologies (21010046). Trypsin for CsH/1071/2 cells was obtained from Gibco
(TrypLE, 12563011). Smoothened Agonist (1 mg, 501490076), Vismodigeb (10 mg, GDC-0449,
ApexBio Technology LLC, 50-101-3792), GANT-61 (2 mg in DMSO solution, 37-340-32MG)
and Cyclopamine (1 mg, 50464348) were purchased through Fisher Scientific. Recombinantly
expressed sonic hedgehog protein was purchased through Abclonal (100 pg, RP0056). The
C3H/10711/2 cell line was purchased through American Type Culture Collection (CCL-226,
Clone 8). Trypsin for NHEK cells is made in-house by diluting 9 mL of 0.25% trypsin-EDTA
solution (Sigma T-4049) in 36 mL of Versene (500 mL DPBS supplemented with 1 mL of 0.5M

EDTA).

C3H/1071/2 cell culture: The media for culturing C3sH/1071/2 cell lines is a BME media base
(500 mL) supplemented with 50 mL of FBS (10%) and 5 mL of 200 mM L-glutamine solution
(final concentration 2 mM). For a serum free media formulation, the BME base was
supplemented only with 5 mL of L-glutamine solution. Cells were passaged in 75 cm? flasks and
not allowed to pass 70% confluence before splitting to maintain stem-like nature. To split, cells
were lifted in 1 mL of Trypsin for 5 minutes while incubating at 37° C. The trypsin reaction was

quenched with 10% serum containing BME. Cells were not centrifuged prior to passaging or
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counting. Once past passage 15, cells were discarded and new cells were thawed for continued
experiments. Cells were frozen at early passages in 10% DMSO and 90% media and stored long-

term at -196° C.

NHEK cell culture: The media for NHEK cell culture is calcium-free media M154
supplemented with 1 human keratinocyte growth supplement (ThermoFisher, S0015) 175 uL of
0.2 M CaCl; (final concentration 70 uM), Amphotericin B (Sigma A2942, 250 pg/mL), and
gentamycin (Sigma G1307, 50 mg/mL), hereby referred to as M154 complete. Cells were
passaged in 10cm? tissue culture dishes. To split, cells were lifted in 2 mL of Trypsin solution for
7 minutes while incubating at 37°C. The trypsin reaction was quenched in 10% serum containing
media and trypsin/serum-containing media were removed via centrifugation at 500 rcf for 5
minutes. Cells were resuspended in M154 complete prior to passaging or counting. NHEK cells
isolated form patient tissue (performed by various members of the Perez-White laboratory) were
only used for experiments if they had been passaged 5 or less time and had been in culture for 21

days. Past passage 5 or day 21, cells were discarded.

C3H/10+71/2 differentiation assay: Cells were plated at 15,000 cells/well in 12 well plates in full
10% serum media (DO0). The next day (D1), the media was swapped to 0.1% serum containing
media (a 100-fold dilution) and both Hh pathway activators and inhibitors were added.
Activators included 100 nM SAG and 30 nM SHH. Inhibitors included Vismodigeb and
Cyclopamine SMO inhibitors, and GANT-61 Gli inhibitor. On Day 4, the wells were harvested
for alkaline phosphatase activity and total protein assay. In each biological replicate, conditions

were evaluated in triplicate or quadruplicate technical replicates.
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Alkaline Phosphatase Assay: The SensoLyte® pNPP Alkaline Phosphatase Assay Kit (AnaSpec
AS-72146) was used to quantify alkaline phosphatase. The assay was performed following
guidelines from the manufacturer’s protocol. Briefly, cells were washed twice with 1X assay
buffer prior to lysing each well with 100 pL of a solution of Triton-100 in 1X assay buffer (20
ML of Tritoon-100 per 10 mL of assay buffer). Lysis occurred at 4°C with agitation. Cell lysates
were collected following gentle scraping of each well to ensure complete collection into
individual microcentrifuge tubes kept on ice. The tubes were centrifuges at 2,500 x g for 10
minutes at 4°C to pellet any insoluble proteins. The supernatants were used for ALP
quantification and concurrent total protein analysis. For ALP quantification, 35 pL of
supernatant from each sample was transferred to a clear 96-well plate. Assay volumes for ALP
standards were also prepared at 35 L, as well as para-nitrophenyl phosphate (pNPP) substrate
so the total volume of each well is 70 pL. Once all samples were plated, 35 puL of pNPP solution
was added to each well and incubated at 37°C for 30 minutes. Absorbance was measured at 490

nm using a BioTek Synergy 4 multi-mode microplate reader.

Total protein assay: Total protein concentration in cell lysate supernatants was determined via
Pierce™ BCA Protein Assay Kit (ThermoFisher 23225) to normalize ALP quantification. Serial
dilutions of Bovine Serum Albumin (BSA) solutions from 2 mg/mL to 0.063 mg/mL (diluting by
Y with each step) were prepared in 1X assay buffer at a final volume of 25 pL in a 96 well plate.
Sample supernatants were similarly plated at 25 pL volume. The working reagent was prepared
by combining Part A to Part B in a 1:50 ratio. Each well (standard and sample) received 200 pL
of the resulting working reagent. The plate was incubated at 37°C for 30 minutes before the

absorbance was read at 562 nm using a BioTek Synergy 4 multi-mode microplate reader.
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Calculating and normalizing ALP/total protein: The standard curves for each assay were used
to determine total ng of ALP and total mg of protein. Dividing ALP by total protein produces ng
ALP/mg of protein. The negative control (no activator) and the positive control (activator only,
no inhibitor) are then used to normalize the samples. To normalize to the negative control, the
average of those replicates was subtracted from every sample to set the negative control to O.
From here, each sample (positive control replicates included) was divided by the average of the
positive control to normalize it to 100% and everything else accordingly. All bar graphs

represent the mean + one standard deviation.

Cellular Toxicity: C3H/1071/2 cells were seeded at a density of 10,000 cells/well in a 96 well
plate (Fisher, 012931) and grown to approximately 70% confluence. Cells were then treated with
Vismodigeb, Cyclopamine, or GANT-61. Importantly, the C3sH/1071/2 cell line is very sensitive
to DMSO (Figure 3.2, A), which is the solvent for each compound tested for toxicity. When
treating, each well is held consistently at 0.33% by making compound stocks at 300x the desired
final concentration. Then 1 pL of the stock is combine with 31 pL of media and 10 pL is added
to each of triplicate wells for each condition. To analyze after 24 hours, 20 pL of MTS reagent
(Promega, G3580) were added to each well, and the plate was incubated at 37 °C for 1-2 hours
before 70 pL of media was removed from each well and transferred to a new 96 well plate to
eliminate interference from cells in absorbance readings. The absorbance at 490 nm was
measured on a Synergy H1M plate reader. The absorbance of the nontreated controls was
normalized to 100%, and all other conditions were adjusted proportionally. The graphs represent

the mean + one standard deviation of the triplicate conditions.
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NHEK proliferation assay: NHEK proliferation studies were performed by tracking cellular
growth over multiple days. On DO, cells are plated sparsely at 15,000 cells/well in 24 well plates
with one plate for every day of the experiment (6 days = 6 24 well plates). When plating, 500 pL
of M154 complete is added to each well. NHEK cells are counted and diluted to 30,000 cells/mL
with a total volume corresponding to adding 0.5 mL of the suspension to each desired well
(example, 100 wells=50 mL). Cells are added to the wells slowly in a snake-like motion with the
pipette tip submerged below the media level to ensure dispersion. After each well contains cells,
the plates are left to sit undisturbed for 20 minutes so the cells can naturally settle to the bottom
and maintain dispersity. On Day 1, one plate is taken for an initial DNA assay while all other
plates are treated with Hedgehog activators SAG and SHH in M154 complete. To do this, the
media was removed prior to adding fresh media supplemented with the desired final
concentration of activator. The media of non-treated cells was also swapped. For the DNA assay,
the media was removed from each well and 600 pL of M154 (phenol red free) was added to the
wells. A solution of Hoechst 33342 DNA intercalating dye (ThermoFisher, H3570 10 mg/mL
solution in water) was diluted x10 to a final volume that allows adding 200 pL to each well
analyzed. The plate was incubated at 37°C for exactly one hour prior to measuring fluorescence
with Aexcitation=355 and Aemission=460 on a PerkinElmer VICTOR™ X5 plate reader. A plate was
read every day for 4-5 days, and remaining plates were retreated every 2 days. Data was
analyzed by normalizing the average fluorescence intensities of Day 1 to 1 and dividing the
readings for each day after by the average fluorescence intensity form Day 1 to achieve a
multiplicity from Day 1. This normalizes each biological replicate and can account for some

donor differences.
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Scratch migration assay: Before plating, a horizontal line was drawn on the bottom of each plate
with an ethanol resistant marker. NHEK cells were then plated at confluence (500,000 cells/well)
in 12 well plates in 1 mL total of fell M154 complete. After 1 day, the monolayer of cells was
scratched using a sterile 200 pL pipette tip and the cells were washed x5 in DPBS to remove
detached cells. The media was then replaced with non-proliferative media by achieving a final
concentration of 200 uM CacCl; in the M154 complete (as opposed to 70 uM in normal growth
media). Wells receiving Hh activator SHH were simultaneously treated, and images were
immediately taken for T=0. For imaging, pictures were taken on a Zeiss Axioplane 2 microscope
with Zeiss Axiocam HRC color camera directly above and directly below the lab marker line of
each well to ensure imaging in identical locations at each time point. Images were then taken
every 6 hours until a given condition was nearly closed. ImageJ analysis software was used to

carefully measure the area of each wound at each time point.
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Chapter 4

Modeling Basal Cell Carcinoma Disease Progression
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4.1 Introduction

It was discovered almost 30 years ago that BCC onset and progression are caused by
aberrant expression in Hh signaling.1® In the last 30 years, only two chemotherapeutics that
specifically target the Hh signaling cascade, Vismodegib and Sonidegib, have been clinically
approved for the treatment of BCC. & 7 Even so, they are only approved for disease that is
classified as untreatable by surgical removal. It is assumed that they are not approved for earlier
stages of BCC because surgical removal is the most effective treatment option. However, this
often leaves patients with multiple, visible, and disfiguring scars that negatively impact their
quality of life. Non-scarring chemotherapeutics may be more attractive treatment options for
many patients.

A unique challenge for BCC research is the overall lack of cellular model systems in
which therapeutics can be evaluated in early stages. As discussed in Chapter 1, there are basic
cellular assays for evaluating Hh inhibition and some in vivo models for BCC, but there is very
little in between. Cancer is complex, necessitating model systems that grow in complexity as a
drug candidate progresses through evaluations. Moreover, the models that do exist have failed to
successfully incorporate human skin identity. This chapter first discusses efforts towards
developing 2D in vitro cellular systems that are more complex than the most basic cellular
studies. It further reports a 3D model of a fully differentiated human epidermis that was grown in

the presence of established BCC cells as the first heterogenous 3D model of BCC.

4.2 Results and Discussion
4.2.1 Transwell Migration of ASZ cells
The Hedgehog-driven migration and movement of BCC cells is an ideal phenotype for

the evaluation of Hedgehog therapeutics in 2D cell culture systems. Many researchers turn to
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scratch migration assays (as described in Chapter 2) for these experiments, but the complexity of
this movement is not robustly representative of cells in 3D environments. For many other cancer
types, researchers instead preform transwell migration experiments that require cells seeded on
the top of a porous membrane to actively detach from one another, pass through a small pore,
and reattach on the other side.® ° Cells are serum starved on the top of the membrane to
encourage movement towards serum on the other side.

Transwell migration assays, however, have been rarely performed with BCC cells. The
few reported instances of this were recently published in 2019.1%1? However, none of these
reports or subsequent reports have evaluated chemotherapeutics against Hh signaling as a
method for inhibiting migration.®® It was hypothesized that this assay would be particularly
useful for determining the ability of Hh inhibitors to prevent BCC cell migration observed in
early stages of BCC development as well as eventual metastasis. This data also provides
information for the development and subsequent inhibition of 3D models discussed in this
chapter, as it is imperative to study a chemotherapeutic that effectively inhibits the cancer cell
population.

The murine ASZ BCC cell line was pre-treated with either Vismodegib (a smoothened
inhibitor) or GANT-61 (a Gli inhibitor) for 24 hours prior to seeding onto porous membranes for
transwell migration experiments. Access to the inhibitors was maintained throughout the
experiment. Migrated cells were fixed and stained for microscopic evaluation after 48 hrs.
Images were captured and a cell counting protocol was developed in ImageJ. When treated with
Vismodegib, the cells showed little sensitivity towards reducing migration. While migration is

mildly decreased, the effect stabilizes at approximately a 30% reduction out to 1 uM (Figure 4.1,
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Figure 4.1: Transwell migration results of ASZ cells treated with Vismodegib and GANT-
61. A) Representative images from non-treated, 250 nM, 500 nM, and 1 uM Vismodegib
treatment. B) Normalized migration results for Vismodegib. C) Representative images from
non-treated, 0.5 UM, 2.5 puM, and 7.5 uM GANT-61. D) Normalized migration results for
GANT-61. Graphs represent the mean * one standard deviation. The number of migrated
cells were counted according to a developed ImageJ macro described in Section 4.4.

A&B). With the normal 1Cs of Vismodegib being in the low nM range, it was concluded that the
ASZ cell line is resistant to this inhibitor.

ASZ cells, however, experience a reproducible dose-dependent reduction in migration
when treated with GANT-61 (Figure 4.1, C&D). Each concentration was tested in at least 2
biological replicates with 5 random image fields being taken of each membrane for technical

replicates. The ICso is approximately 3 puM (Figure 4.1, D) which corresponds to literature
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reported values as well as Meade lab previously published results.!* This data is promising at it
shows that the phenotype of Hh-driven ASZ cells can be regulated by direct inhibition of Gli
transcription factors even when SMO inhibition is not effective. The optimization of this assay
provides a very useful tool for the BCC research community at large and is easily performed

with non-specialized laboratory equipment and little expertise.
4.2.2 Incorporation of ASZ cells into a 3D Organotypic Skin Model

Basic 2-dimensional cellular assays are excellent tools for very early evaluations of
chemotherapeutics. However, they are not accurately representative of how cells behave in
heterogeneous 3D environments. Many cancer research groups have addressed this concern
through the development of 3D spheroid models of cancer cells in culture (Scheme 4.1).%° These
models allow for the incorporation of heterogeneity and complexity in small tumor-like masses.

However, this is not completely applicable to BBC, especially early stages where tumor masses

2D cell culture 3D spheroid Xenograft or spontaneous
assays cultures animal models

4 X v

Scheme 4.1: Representation of the typical pipeline of cancer chemotherapeutic evaluation.
Eventual in vivo animal work benefits from more complex cellular systems following simple
2D assays. A heterogenous model that mimics aspects of patient BCCs has not yet been
reported for BCC.
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have yet to fully form. These models are also isolated and exclude the role that surrounding non-
diseased tissues play in the phenotypes and pathology of the cancer.

In 1975, the isolation and culture of human epidermal keratinocytes (NHEK cells) was
first published.’® In 1981, the first report was published developing NHEK cells into a 3D tissue
that comprised the totality of a differentiated epidermis.’”- 8 Briefly, NHEK cells are seeded onto
a collagen plug that mimics the dermal layer of skin. Plugs are then lifted to an air-media
interface where differentiation occurs spontaneously. These models have been utilized to study a
variety of skin properties, disorders, and diseases.'® In one instance, keratinocytes were co-
cultured with squamous cell carcinoma cells to create what was termed “disease-in-a-dish”.?°
More recently, a model of Merkle Cell Carcinoma was similarly generated.? We hypothesized
similar models could be developed with established BCC cells.

Specifically, it was hypothesized that co-culturing NHEK cells with the murine ASZ
BCC cell line in a 3D differentiation assay would generate tissues that mimic characteristics of
patient BCCs (Scheme 4.2). This model was desired for two primary purposes. The first is
mechanistic- since the cancer cell and healthy cell populations originate from different species,
they can be analyzed independently by gPCR and immunofluorescence. Particularly of interest
was the transformation the healthy cells undergo in response to the cancer cells. This will be
discussed in this section. The second purpose was for the development of a preclinical tool that
could be used for 3-dimensional analysis of BCC chemotherapeutics. This will be discussed in
section 4.2.3. As a final benefit of this technique, NHEK cells isolated from multiple donors can
be used to study these affects across a range of biological replicates. For these studies, NHEK
cells were selected for Caucasian race/light pigmentation because this population suffers the

most from BCC.
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Scheme 4.2: Experimental design for 3D co-culture epidermal tissues. Normal human
epidermal keratinocytes (NHEK) cells are mixed with ASZ cells in defined ratios and seeded
on top of a collagen dermis mimic. After 2 days, plugs are lifted onto a metal support grid
and allowed to differentiate for 5 or 12 days before harvesting. Resulting tissues are analyzed
by histological staining, gPCR, and immunofluorescence.

4.2.2.1 Histological Features of Resulting Models

NHEK and ASZ cells were seeded onto dermal mimics in the following ratios for the
development of control or diseased 3D-models: 100% NEHK (control), 90%NHEK/10% ASZ,
75% NHEK/25% ASZ, 50% NHEK/50% ASZ, and 100% ASZ (control). Tissues were allowed
to differentiate for 5 or 12 days prior to harvesting. Thus far, 4 biological donors of NHEK cells
have been investigated at 5 days of differentiation and 4 biological donors have been investigated

at Day 12.
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The first method of analysis for the resulting tissues was routine staining with
hematoxylin and eosin (H&E). H&E staining reveals phenotypic changes with increasing cancer
incorporation. Figure 4.2 shows representative images of Day 5 tissue samples. With 10% ASZ
incorporation, cellular shape in the developing stratum spinosum is altered. When healthy, these
cells develop a prolate spheroid, or football, shape. In the 90% NHEK/10% ASZ sample, this
shape is stretched along the horizontal axis. With the incorporation of 25% ASZ cells,
organization of the cellular layers is lost entirely with no distinguishable difference between
basal and spinosa layers. Additionally, some groupings of cells have begun to protrude into the
collagen plug. By 50% cancer incorporation, the basement membrane separating the dermis and

epidermis is lost all-together. Cellular structures are not easily distinguished, and the uppermost

A. 100% NHEK : B. 90% NHEK, 10% ASZ T

Figure 4.2: Histological (H&E) analysis of 3D co-culture tissues harvested on Day 5. A)
100% NHEK non-diseased tissue. Cells in the stratum spinosum develop structural order and
a prolate spheroid (football) shape. B) 90% NHEK/10% ASZ. Organization is lost and shape
of cells is elongated. C) 75%NHEK/25% ASZ. All organization and structure of cells is lost,
some groups of cells are seen protruding into the dermis layer. D. 50% NHEK/50% ASZ. The
basement membrane that separates the dermis from the epidermis is lost completely. The
cornified layer that represents the beginnings of terminal differentiation is nearly non-
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pink staining of the cornified layer is greatly diminished.

At Day 12, these differences are even more striking (Figure 4.3, Parts 1 & 2). 100%
NHEK tissues show the full, uninfluenced differentiation of the epidermis. Specifically,
organization of cells is seen in the stratum spinosum, dense staining of keratohyalin granules is
observed in the stratum granulosum, and a thick cornified layer is stained brightly pink. For all
donors, alterations to phenotype are observed with as little as 10% cancer incorporation. The
basal layer of cells becomes disorganized and the clean line separating the epidermis from the
collagen plug deteriorates. Additionally, keratohyalin granules are less densely observed in the
stratum granulosum. Development of these granules is a crucial component to the barrier
function of skin. Loss of granulation suggests that the barrier function is not forming properly,
and keratinocytes are not differentiating normally.

When increased to 75% cancer incorporation, further loss of cellular organization is
observed alongside an apparent shrinking of the cornified layer. This specific result is even more
drastic with 50% cancer incorporation. The 50% ASZ model loosely resembles a later-stage of
disease where densely stained tumor pockets have begun to form. However, patient BCCs would
experience these pockets migrating into the dermis, not incorporating into the epidermis. It is
likely that the presence of vasculature in mammalian skin encourages the growth into the dermis.
Without blood vessels, the tumor pockets do not have sufficient driving force to proliferate and

migrate into the plug and instead grow within the epidermis.
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Donor 1 Donor 2

100% NHEK 100% NHEK

Figure 4.3, Part 1: Representative images of co-culture tissues from biological Donors 1 and
2 after 12 days of differentiation. Zoomed-in sections from Donor 2 show loss of
keratohyalin granules with as little as 10% cancer incorporation. Thickening of the epidermal
layer is also observed with loss of cornified layer thickness with increasing ASZ
incorporation.
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Donor 3 Donor 4
100% NHEK 100% NHEK

75% NHEK, 25% ASZ 75% NHEK, 25% ASZ

Figure 4.3, Part 2: Representative images of co-culture tissues from biological Donors 3 and
4 after 12 days of differentiation. Consistent trends of overall epidermal thickening, loss of
keratohyalin granules, loss of cellular organization and structure, and eventual formation of
tumoroid-like pockets can be seen across the range of cancer incorporation for all biological
donors.
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To quantify observed changes, ImageJ analysis software was used to measure the
thickness of the total epidermal layer, the viable layer (defined as the distance from the bottom of
the basal layer to the top of the granular layer), and the cornified layer at randomly selected
sections of tissue images. Viable layer and cornified layer analyses were calculated as
percentages of the total epidermal thickness to account for donor differences in overall tissue

thickness.
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Figure 4.4: Statistical analysis of thickness of epidermal components across four biological
donors of 12-day differentiation. A, C, E) Results for total epidermal thickness by donor, %
viable layer by donor, and % cornified layer by donor, respectively. B, D, F) Results for
combined total epidermal thickness, combined % viable layer, and combined % cornified
layer, respectively. Generally, the total epidermal thickness and the % viable layer of the
whole are increased across cancer incorporation. Inversely, the % cornified layer of the whole
is significantly decreased. Graphs were made in GraphPad Prism, and one-way ANOVA
analysis was used to determine statistical significance at 0=0.05. Bars represent the mean +
one standard error of the mean. ***= 99.9% confidence interval, ****= 99.99% confidence
interval. Ns= not significant.
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The overall epidermal thickness was significantly increased from 100% NHEK controls
at the 25% and 50% cancer incorporation models at 99.9% (p =0.0008) and 99.99% (p < 0.0001)
confidence intervals, respectively (Figure 4.4, B). Due to donor discrepancies in thickness of
even the 100% NHEK model (Figure 4.4, A), the 10% cancer incorporation was not statistically
different. The percentage of the viable layer of the total is significantly increased at the 99.99%
confidence interval (p < 0.0001) even beginning at 10% ASZ incorporation (Figure 4.4, C & D).
Most importantly, the changes observed for the percent cornified layer of the whole are
significantly reduced beginning at the 10% cancer incorporation (Figure 4.4, D & E, p = 0.0001).
While this is not surprising since the two percentages are interrelated, this difference signifies an
impactful alteration to NHEK differentiation patterns. Cornification represents terminal
differentiation of keratinocytes. Lack of cornification suggests that the NHEK population is not
properly differentiating in the presence of the cancer cells. Patient BCC shares this
characteristic? - the observation of loss of cornification provides initial support that co-culture

models mimic patient BCC.
4.2.2.2 Specific Impact on Keratinocyte Differentiation

Further pathological investigations are necessary to determine the biochemical impacts
that BCC incorporation has on keratinocyte differentiation. Normal keratinocyte differentiation
is shown in Scheme 4.3. Briefly, cells exit their proliferative cell cycle in the stratum basale, or
basal layer, and enter early-stage differentiation in the stratum spinosum. Here they develop
cytoskeletal structure and cell adhesion that imparts the tough but flexible mechanical properties
of skin. As they differentiate further into the stratum granulosum, or granular layer, they develop

the characteristics of the skin’s protective barrier function. This is followed by terminal
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differentiation into the stratum corneum, or cornified layer. Development of cytoskeleton
structure, cell adhesion, and barrier function can be treated as differentiation “checkpoints”

throughout this process.

Terminal differentiation:

Stratum Corneum . . -
Cornification of keratinocytes, protective layer

(Terminal Differentiation)

Late differentiation:

Stratum Granulosum < y
Development of barrier function

Early Differentiation, Stratum Spinosum:

Stratum Spinosum .
P ® ® ® ® * @ Development of cytoskeleton structure (mechanical
® ) @ ® properties) and cell adhesion
Stratum Basale ;
(Proliferative cells) ® ® ® ¢ 00 ¢ © o o © Stratum Basale:

Proliferative stem-like cells
Basement Membrane

Dermis

i

Scheme 4.3: Layers of epidermal differentiation and locations of differentiation checkpoint
markers. Proliferative basal cells exit the cell cycle and differentiate into the stratum
spinosum. Cytoskeleton structure and cell adhesion are developed in early stages of
differentiation. Further differentiation into stratum granulosum accompanies development of
protective barrier function which is completed upon differentiation into the stratum corneum.

BCC is characterized as a cancer that results in poor/abnormal Kkeratinocyte
differentiation.?? Analysis of differentiation checkpoints in patient BCCs reveals altered or
compromised development. For co-culture models to have potential preclinical utility, it is
imperative to ensure they mimic these pathological components of patient BCC. Analysis of
differentiation checkpoints is accomplished through gPCR analysis of transcripts at the time of
harvesting as well as immunofluorescent staining of OCT frozen tissues.

Cytoskeleton structure. The cytoskeleton is comprised of keratin filaments that provide
the tough but flexible mechanical properties of skin. In normal epidermal tissue, Keratin 10

(KRT10) is the primary component of this architecture. KRT10 transcription is often
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downregulated in diseases like BCC that express poor keratinocyte differentiation.® 24 Other
keratins are often overexpressed to compensate for this loss.

Analysis of mRNA transcripts after 5 days of differentiation shows logarithmic loss of
KRT10 starting with 10% cancer incorporation and is maintained for all ASZ-containing models
(Figure 4.5, A). At day 12, three donors showed similar logarithmic loss of KRT10, but Donor 4
experienced an increase in KRT10 expression at 10% and 25% cancer incorporation (Figure 4.5,
D). This data exemplifies the reality that no two donors or patients will experience cancer in
precisely the same way. However, a majority trend of loss of KRT10 in model systems is
observed and would likely be reproducible with increased biological replicates.

Keratin 17 (KRT17) is overexpressed in the majority of patient BCCs?> 26 and was
evaluated to validate co-culture models. Indeed, KRT17 was generally increased at 5 days of
differentiation (Figure 4.5, B) and consistently increased with cancer incorporation at 12 days of
differentiation (Figure 4.5, E). Because qPCR analysis is performed for human transcripts
specifically, this elucidates that while KRT17 may be overexpressed in BCC cancer cells, nearby
healthy keratinocytes are also transformed to express KRT17.

Interestingly, Keratin 16 (KRT16) was also overexpressed at the mRNA level in co-
cultures across the range of ASZ incorporation (Figure 4.5, C, F). KRT16 is often defined as a
proliferation marker and is overexpressed in hyperproliferative skin diseases such as psoriasis
and pachyonychia congenita.?’?° KRT16 is, however, very poorly studied in BCC literature. One
report did find overexpression of KRT16 in approximately 1/3 of patient BCC tissues examined
but noted that this was localized in the overlying epidermis and not in the cancer cells
themselves.?® % This is consistent with our data, as it is the human cell population that would

constitute the overlying epidermis to which the gPCR primer sequences are specific. However,
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an orthogonal technique such as immunofluorescence is necessary to confirm localization in the

tissue.
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Figure 4.5: qPCR analysis of cytoskeletal components after 5 and 12 days of co-culture
differentiation. A) KRT10 evaluation of Day 5. B) KRT17 evaluation of Day 5. C) KRT16
evaluation of Day 5. D) KRT10 evaluation of Day 12. E) KRT17 evaluation of Day 12. F)
KRT16 evaluation of Day 12. Each donor has only one data point, so bars represent the mean
+ one standard deviation contributed by 4 biological donors for Day 5 and 4 biological
donors for Day 12. Donors 1-3 for Day 5 are the same as donors 1-3 of Day 12. Days 4 and 5
are not the same. Individual donor values are represented as Donor 1: pink triangle, Donor 2:
Green square, Donor 3: Blue circle, Donor 4: purple upside-down triangle, Donor 5: orange
hexagon. KRT10 expression is generally decreased while KRT17 and KRT16 are increased at
Days 5 and 12. Primer sequences used for gPCR were specific to human transcripts.

Immunofluorescent staining for KRT10, KRT16, and KRT17 was performed on OCT
frozen sections of tissues that differentiated for 12 days. This is to ensure that changes observed

in qPCR are also reflected in the ultimate production and location of protein. For KRT10, a
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visual difference was not observed at 10% cancer incorporation, but an obvious reduction of

KRT10 signal intensity is seen for 25% and 50% ASZ incorporation (Figure 4.6, left).

Krt10- Donor 1

100% NHEK

90% NHEK, 10% ASZ

75% NHEK, 25% ASZ

50% NHEK, 50% ASZ

Krt17- Donor 4

100% NHEK

90% NHEK, 10% ASZ

75% NHEK, 25% ASZ

T

50% NHEK, 50% ASZ

i Krt16- Donor 1

100% NHEK

90% NHEK, 10% ASZ

75% NHEK, 25% ASZ

50% NHEK, 50% ASZ

Figure 4.6: Immunostaining of keratin components of cytoskeletal structure in co-culture
tissues across the range of cancer incorporation. Left, green KRT10 (donor 1). Middle, green
KRT17 (donor 4). Right, pink KRT16 (donor 1). Blue is DAPI nuclear stain. With increasing
cancer incorporation, KRT10 is decreased in the human cell populations while KRT17 and
Krt16 conversely increase. KRT17 localization changes from the basal layer in 100% NHEK
to localizing throughout the suprabasal layer with increasing cancer incorporation. KRT16
localization similarly changes from minimal stratum spinosum localization to being strongly
produced throughout the suprabasal layer. Changes for KRT16 and KRT17 are seen
immediately in the 90% NHEK/10% ASZ samples.

In 100% NHEK tissue, KRT17 primarily localizes in the basal layer near the basement
membrane. Very little expression is observed in the stratum spinosum and stratum granulosum.
With increasing cancer incorporation, expression is more widely observed throughout the layers
of the epidermis (Figure 4.6, middle), supporting improper development of cytoskeletal

structure. Recently, it has been reported that KRT17 is a direct target of increased Hh activity. In
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oral squamous cell carcinoma, the increase in KRT17 induced by Gli protected cells against
apoptosis and encouraged tumor growth.3% 32 It is likely that the increase of KRT17 causes
similar outcomes in BCC and hinders the proper differentiation of surrounding healthy tissue.

Very little KRT16 signal intensity is observed in the stratum spinosum of the 100%
NHEK sample. However, stark increases in signal intensity are observed across the range of ASZ
incorporation. Even the 50/50 co-culture that did not experience a significant increase in KRT16
transcription showed a very striking increase via immunofluorescence. This suggests that
increases in KRT16 mRNA levels and subsequent translation into protein are maintained
throughout the course of differentiation to ultimately increase KRT16 composition of
cytoskeleton structure. KRT16 transcription and protein expression are not thoroughly
characterized in BCC, but this data suggests that perhaps studying KRT16 further in patient
BCCs might reveal new mechanistic insights. Superficial BCC phenotypically shares similarities
to eczema and psoriasis, both of which exhibit overexpression of KRT16.233% Perhaps KRT16
overexpression is more likely to be seen in superficial BCCs and the model reflects this BCC
subtype.

Cell adhesion. Alongside skeletal structure, cell adhesion is developed in the stratum
spinosum during early stages of differentiation. Two primary components of cell adhesion in
skin are adherens junctions and desmosomes. Adherens junctions are responsible for cell-cell
contact. They are comprised of cadherin proteins that cross-link with one another on neighboring
cells.®® Desmosomes are unique to organs that commonly experience mechanical stress and are
an important component to healthy skin integrity.3’“° Desmoglein and desmocollin proteins are
the primary cadherins involved in desmosome adhesion.** Both adheren and desmosome

components are required for the healthy development of cell adhesion and are often
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compromised in skin diseases.® Unlike in many cancers, E-cadherin (ECAD/CDHZ1) proteins in
adherens junctions are often preserved at normal levels in early stages of superficial and nodular
BCC.*> 4 More advanced stages and recurring BCC will experience a loss of E-cadherin.*
Moreover, decreases noticed within tumor cell populations are not translated to the surrounding
or overlying epidermis. For desmosomes, desmoglein proteins are more frequently lost in

nodular and infiltrative BCCs,** 7 though little is known about the changes to desmocollins.*’
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Figure 4.7: gPCR and immunofluorescence analysis of E-cadherin in co-culture models. A)
gPCR results for each donor after 5 days of differentiation. B) gPCR results for each donor
after 12 days of differentiation. C) Immunofluorescent staining of pan-E-cadherin (green),
human specific E-cadherin (pink/white) and DAPI nuclear stain (blue) at day 12. Locations of
only green signal represent the murine cell population. There are no trends in ECAD
transcription or protein expression.

To explore cell adhesion, gPCR and immunofluorescence were performed across the
range of ASZ incorporation. In general, CDH1 expression after both 5 and 12 days of
differentiation showed no trend in the human cell population (Figure 4.7, A, B). Donor 1
experienced an increase in CDH1 at day 5 and a drop in expression at day 12. Donor 2

experienced a drop at day 5 with no change at day 12, and Donor 3 experienced no change at day
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5 and a mild increase at day 12. As an orthogonal method, day 12 tissues from donor 1 were
analyzed by immunofluorescence. Pan-ECAD (green) shows both human and murine ECAD
expression, and human specific HECD-1 staining (pink/white) overlays where the human cells
are incorporated (Figure 4.7, C). No obvious changes were observed in intensity or localization
of ECAD staining in the human cell population. Taken together, this data suggests that the model
more closely mimics earlier stages of patient BCC development where changes in ECAD are not
significantly observed. The staining experiment, however, is useful for observing where the ASZ
cells are incorporating into the model at the different cellular ratios.

Evaluation of desmoglein (DSG) and desmocollin (DSC) revealed more conclusive
trends. DSC1 experienced the most dynamic changes by gPCR. After 5 days of differentiation,
DSC1 is consistently reduced on a logarithmic scale (Figure 4.8, A). Cell adhesion components
are developed in the earlier stages of development. The extreme reduction of transcription at day
5 corroborates significant and early differentiation abnormality. While less extreme, DSC1
expression is still generally reduced at day 12 (Figure 4.8, B). When day 12 tissues were
analyzed by immunofluorescence, decreased intensity is observed with as little as 10% ASZ
incorporation (Figure 4.8, C), signifying that even less striking differences in transcription still
result in decreased protein accumulation.

By qPCR, DSG1 transcript analysis did not reveal any significant trends with increasing
ASZ incorporation (Figure 4.8, D). However, immunofluorescent staining of donor 1 day 12
tissues did show a decrease in staining intensity of DSG-1 (Figure 4.8, E). This staining
experiment also analyzed pan-laminin, the primary component of the basement membrane that
separates the dermis from the epidermis. A strong signal is observed for 100% NHEK samples

that is gradually lost with increasing ASZ incorporation. A compromised basement membrane
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Figure 4.8: gPCR and immunofluorescence analysis of desmocollin-1 and desmoglein-1 in
co-culture models. A) Combined DSC-1 qPCR results for each donor after 5 days of
differentiation. B) Combined DSC-1 gPCR results for each donor after 12 days of
differentiation. C) Immunofluorescent staining of desmocollin-1 (pink), and DAPI nuclear
stain (blue). Intensity of DSC-1 staining is lost with increasing ASZ incorporation. The
thickness of the stained layer also decreases until it is lost entirely. Inlets showcase the
alteration of cellular shape of the stratum spinosum. D) Combined DSG-1 gPCR results for
each donor after 12 days of differentiation. E) Immunofluorescent staining of desmoglein-1
(pink), basement membrane (pan-laminin, green), and DAPI nuclear stain (blue). Intensity of
DSG-1 is lost with increasing ASZ incorporation along with the integrity of the basement
membrane.
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opens a gateway for migratory cells to invade into the dermal layer. Loss of basement membrane
is a characteristic of early stages of BCC when superficial islands begin palisading into the
dermis.*® Combined, these data suggest both the loss of integrity for cell adhesion as well as the
basement membrane, ultimately creating a scenario where cell migration is permitted. Loss of
basement membrane provides further evidence that the model more closely mimics early,
superficial BCC.

Staining of membrane bound proteins (ECAD, DSC1, and DSC1) also reveals the
alteration of cellular shape that accompanies cancer incorporation. Cells are generally elongated
in the horizonal direction and grow in overall size (Figure 4.8, C, inlets). This has been observed
previously in keratinocyte differentiation assays when DSG1 was genetically mutated.*® Cells
lacking wild type DSG1 could not proceed through terminal differentiation and developed shapes
identical to those observed in these studies. Mechanistically, the loss of adhesion components
contributes to the overall loss of differentiation observed in transformed keratinocytes.

Barrier function. There are many contributing components to the barrier function of skin,
including cell adhesion described above. More imperative components of barrier function are the
existence and composition of the stratum granulosum and stratum corneum.®® Their primary
functions are to keep unwanted environmental influences from entering the body and to prevent
evaporative water loss from the body.%*-5? The structure of the stratum corneum has been referred
to as “bricks in mortar” where the terminally differentiated keratinocytes, or corneocytes, are the
bricks; and dense lipid networks are the mortar holding them together.>> 53 The corneocytes
themselves consist of densely crosslinked layers of the proteins filaggrin (FLG), loricrin, and

involucrin.>? FLG specifically provides natural moisturization to the skin and aggregates keratin
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filaments during terminal differentiation to ultimately assist the collapse of cells into
corneocytes.>

Loss of FLG is seen in a number of skin diseases such as ichthyosis and atopic dermatitis
that experience poor keratinocyte differentiation.®® % Recently, in an immunohistochemical
study of 144 BCC patient tissues, most tissues did not express FLG.>® In a small sample study,
mutations in the FLG gene were commonly observed in BCC tumors compared to normal tissue
samples from the same patient.>’ Together these reports highlight filaggrin as an important
marker of BCC pathology. It was hypothesized that the incorporation of ASZ cells into the
tissues would negatively impact the production of FLG components of barrier function.

By gPCR, FLG experiences a rapid and extreme decrease in transcription after 5 days of
differentiation (Figure 4.9, A). While FLG production is more relevant for later differentiation
stages, this extreme loss of early transcription provides evidence for early onset abnormal
keratinocyte differentiation. Some cells are reaching the granular stage of differentiation and
FLG should be actively transcribped at day 5. This is further confirmed through
immunofluorescent staining (Figure 4.9, B). The beginnings of granular layer formation are
observed in the 100% NHEK tissue. This is, however, immediately lost with 10% ASZ
incorporation and is maintained with 25% and 50% incorporation. Overall, it can be concluded
that terminal differentiation after 5 days has at least been slowed down if the pathway has not
been altered altogether.

After 12 days of differentiation, FLG transcription across four biological donors can be
divided into two distinct groups. Two donors (1 & 2) experienced logarithmic reduction of FLG
transcription as determined by gPCR (Figure 4.10, A). By immunofluorescent staining of FLG

proteins in donor 1, loss of transcription correlates to a decrease in staining intensity (Figure
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Figure 4.9: Evaluation of FLG transcription and immunofluorescent staining after 5 days of
differentiation. A) gPCR results. FLG transcription is depleted on a logarithmic scale with as
little as 10% ASZ incorporation. Bars represent the mean * one standard deviation of the three
biological donors. B) Immunofluorescence results from Donor 1. Some FLG is observed in the
beginnings of the granular layer for the 100% NHEK tissue. This is lost with as little as 10%
ASZ incorporation.
4.10, B). Specifically, there is a loss of the density and cell thickness of staining of keratohyalin
granules with increasing cancer incorporation. This corroborates the loss of staining of granules
by H&E and provides further validation of co-culture models mimicking patients BCCs.
The other two donors (3 & 4) experienced an increase in FLG transcription with 10%
cancer incorporation, no difference in transcription from 100% NHEK at 25% incorporation, and

only a decrease at 50% (Figure 4.10, C). However, immunofluorescent staining reveals that an

increase in transcription for these donors does not correlate to increased staining intensity
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(Figure 4.10, D). Staining is not observed in keratohyalin granules where it is expected to
localize during proper differentiation, most noticeably beginning at 25% ASZ incorporation.
This signifies the possibility that for patients with BCC, continued transcription of FLG may not
correlate to proper protein production and must be evaluated by more than one method.
Ultimately, loss of barrier FLG in co-cultures mirrors loss of integrity of barrier function that is

experienced by BCC patients.
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Figure 4.10: Analysis of FLG transcription and protein expression in biological donors 1-4
after 12 days of differentiation. A) gPCR analysis of FLG in donors 1 and 2. Transcription is
lost on the logarithmic scale from the 100% NHEK control. B) Immunofluorescence staining
of FLG in donor 1. Intensity of signal is decreased for both donors across the range of ASZ
incorporation. Zoomed-in image inlets show this reduction of intensity specifically in the
granular layer. C) qPCR analysis of FLG transcription of donors 3 and 4. Transcription is
increased with lower percentages of cancer incorporation but decreased at 50%. D)
Immunofluorescent staining of FLG in donor 4. Even though transcription is increased,
protein staining is decreased in trend with Donor 1. Inlets show loss of staining specifically in
the granular layer.
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4.2.3 Inhibiting Gli Transcription Factors in a 3D Organotypic Model of BCC

A major benefit of this mixed species 3D model is the ability to study the human non-
diseased and murine cancerous cell populations independently. The analysis discussed above all
pertains to the human cell population and the changes observed in the presence of cancerous
murine cells. Of further interest is Hh activity in the cancer cell population. By gqPCR, Glil
transcription was found to be approximately 3x overexpressed in co-culture models when
compared even to the 100% ASZ control (Figure 4.11, A, C). This effect was the highest for the

25% ASZ model, as donor 2 experienced an 11-fold increase in Glil transcription. However,
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Figure 4.11: Analysis of Glil transcription in both mouse and human cell populations in 3D
tissues. A) gPCR results for four biological donors across the range of cancer incorporation.
All results are normalized to the 100% ASZ tissue. B) gPCR results for the human cell
population in four biological donors across the range of cancer incorporation. No trends are
observed. C) H&E image of 100% ASZ sample for visual reference of behavior. Cells burrow
into the collagen plug instead of expanding on top of the surface.
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Glil transcription in the human cell population was largely inconsistent across the range of
cancer incorporation at day 12, suggesting that Hh activity is not playing a consistently critical
role in the pathology of differentiating keratinocytes. Donors 1 & 3 experienced transcription
decreased whereas donors 2 & 4 experienced increases (Figure 4.11, B) It was hypothesized that
the ASZ cell population could be specifically modulated with Hh inhibitors while restoring the
human cell population towards a non-diseased phenotype and pathology.

As elaborated in section 4.2.1, ASZ cells are sensitive to GANT-61 but insensitive to
Vismodegib. As such, GANT-61 was chosen as a small-molecule inhibitor for testing this
hypothesis. On day 0 when plugs are lifted to the air-media interface, the media for experimental
75%NHEK/25%ASZ co-culture models was supplemented with 10 uM GANT-61. Experiments
for these cell donors (4-7) also contained 100% NHEK and non-treated 75% NHEK/ 25% ASZ

controls. All samples were analyzed via H&E, gPCR, and immunofluorescence.

4.2.3.1 Analysis of phenotypic changes

H&E staining was performed on 100% NHEK, non-treated 25% ASZ, and 25% ASZ
samples treated with 10 uM GANT-61 to elucidate phenotypic changes induced by GANT-61.
Figure 4.12 shows the resulting images for keratinocyte donors 4, 6 and 7 (4.12 A, B, and C
respectively). Consistent with donors 1-3, the thickness of the samples increases with 25%
cancer incorporation for each donor. Upon treatment with GANT-61, the epidermis is thinner.
Quantification was performed to determine statistical significance of these changes. For donors 4
and 6, the increase was significant at the 99.99% confidence interval (Figure 4.12, D&E, p <
0.0001). For donor 7, the increase was significant at the 99 % confidence interval (Figure 4.12,

F,
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donors 4, 6, and 7. A-C) H&E images of 100% NHEK (top)/ non-treated 25% ASZ models
(middle), and 25% ASZ models treated with 10 uM GANT-61 (bottom)for donors 4, 6, and 7.
D-F) Image J measurements were used to determine total epidermal thickness reported in
microns. Broadly, ASZ incorporation causes increases in thickness that are reduced upon
treatment with GANT-61. G-H) Image J measurements were used to determine the
percentage of the cornified layer of the total epidermis. The cornified composition is
decreased with ASZ incorporation and can be increased with GANT-61 treatment. Bars
represent the mean = one standard error of the mean. One-way ANOVA analysis with
multiple comparisons was used to determine statistical significance at 0=0.05. NS= not
significant, * = 90% confidence interval, ** = 99% confidence interval, *** = 99.9%
confidence interval, and **** = 99.99% confidence interval.
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p = 0.0065). For all three donors, thickness was significantly decreased following treatment with
GANT-61 (p = 0.0003 for donor 4, p < 0.0001 for donors 6 and 7). Most importantly, treatment
with GANT-61 produced non-statistically different thickness from the 100% NHEK control in
donors 4 and 6 (p = 0.0555 and 0.1248, respectively). The decrease was mildly significant from
100% NHEK controls for donor 7 (p = 0.0198) in the opposite direction- the 100% NHEK tissue
was thicker than GANT treated. Generally, GANT-61 restores the overall thickness of co-culture
models towards a non-diseased phenotype.

Treatment with GANT-61 partially restores the appearance and the integrity of the
cornified layer of tissues. The percent cornification of the whole tissue is significantly increased
with 25% ASZ incorporation for donors 4, 6, and 7 (Figure 4.12, G-I, p < 0.0001 for all three).
Upon treatment with GANT-61, donors 6 and 7 experienced significant increases in percentage
of cornification (p = 0.0003 and 0.0013). Donor 4, however, did not (p = 0.1655). Each donor
saw significant differences between non-treated 100% NHEK samples and GANT-treated 25%

ASZ samples, but the slight restoration observed is promising for further pathological evaluation.

4.2.3.2 Analysis of cytoskeletal structure

A consistent alteration to keratinocyte differentiation in response to ASZ incorporation is
a loss of KRT10 and gain of KRT16 and KRT17 components of cytoskeletal structure. It was
therefore hypothesized that successful inhibition of the ASZ population would result in
restoration of proper cytoskeletal structure. Evaluation of cytoskeletal markers reveals that
treatment with GANT-61 results in donor-dependent restoration of the 75% NHEK/ 25% ASZ
model towards a non-diseased pathology. Analysis of KRT10, KRT16, and KRT17 transcription

for donor 4 revealed all were overexpressed compared to 100% NHEK at 25% ASZ
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Figure 4.13: Evaluation of 75% NHEK/25% ASZ cytoskeletal transcripts (KRT10, KRT16,
KRT17) in response to treatment with GANT-61 for cell donors 4 (A), 5 (B), 6 (C), and 7 (D).
Treatment results in donor-dependent restoration of transcripts towards a non-diseased
sample. Donor 4 experienced the greatest degree of restoration, donor 5 was not responsive to
treatment, and donors 6 and 7 show intermediate responses. Bars represent the mean * one
standard deviation from 2 technical replicates of each condition.

incorporation (Figure 4.13, A). Treatment with 10 uM GANT-61 reduced transcript levels by
approximately 50%, 75%, and 70% respectively. For KRT10, 50% reduction brings transcription
within error of 100% NHEK samples. Incorporation of 25% ASZ cells into donor 5 tissues did
not change expression of KRT10, but KRT16 and KRT17 were both overexpressed. Unlike donor
4, treatment with GANT-61 did not decrease the transcription of KRT16 and KRT17 (Figure

4.13, B).
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Donors 6 and 7 experienced intermediate levels of altered transcription in response to
GANT-61 (Figure 4.13, C&D). KRT10 was lost upon ASZ incorporation for both donors but was
recovered upon treatment (100% recovered for donor 6, approximately 39% recovered for donor
7). KRT16 and KRT17 were overexpressed in both donors with 25% ASZ incorporation. Donor 6
experienced mild reduction of both transcripts upon treatment with GANT-61 (approximately
32% and 35%, respectively). KRT16 was similarly reduced for donor 7, (approximately 55%
reduction) but KRT17 transcription was not.

Further evaluation of changes in cytoskeletal structure was performed via
immunofluorescence for KRT16 and KRT17 in donors 4, 6, and 7. KRT16 is sporadically
localized in the lower layers of the stratum spinosum in 100% NHEK samples and is rarely
observed in the upper layers and the stratum granulosum (Figure 4.14, A-C top). With 25% ASZ
incorporation, expression is more ubiquitously observed throughout the epidermis (Figure 4.14,
A-C middle). Treatment with GANT-61 reduces expression in the upper layers of the epidermis
and localizes it again to the lower layers of the stratum spinosum for donors 4 and 7 (Figure 4.14,
A& C bottom). While intensity of staining in donor 6 seemingly decreases upon treatment,
expression is still observed throughout the epidermis (Figure 4.14, B bottom). This correlates
well to the gPCR data in which donor 6 had the least reduction in KRT16 transcription following
treatment.

Restoration of KRT17 localization was observed via immunofluorescence for donor 4 but
was observed less for donors 6 and 7 (Figure 4.14, D-F). KRT17 is primarily expressed in the
basal, proliferative layer of the epidermis. Tissues grown with 75% NHEK and 25% ASZ cells
result in more ubiquitous expression of KRT17 (Figure 4.14, D-F middle). Treatment with

GANT-61 restored this localization pattern for donor 4 (Figure 4.14, D bottom) which correlates
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100% NHEK

75% NHEK
25% ASZ

75% NHEK 25% ASZ
+ 10 uM GANT-61

100% NHEK

75% NHEK
25% ASZ

75% NHEK 25% ASZ
+ 10 pM GANT-61

Figure 4.14: GANT-61 treatment of 75% NHEK/25% ASZ tissues results in cytoskeletal
structure similar to that of the 100% NHEK controls. A-C) Staining for KRT16 (pink) in
donors 4, 6, and 7 respectively. D-F) Staining for KRT17 (green) in donors 4, 6, and 7
respectively. Inlets show zoomed-in sections for more clear observation of expression
patterns.
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with the restoration of transcription discussed above. Donors 6 and 7, however, do not show
obvious alterations of expression patterns upon treatment (Figure 4.14, E&F bottom). This too

corroborates the gPCR data where KRT17 was not reduced with treatment.
4.2.3.3 Analysis of barrier function

Analysis of keratinocyte differentiation checkpoints revealed consistent loss of FLG
protein expression across cellular donors. Loss of barrier function contributes to the growth and
appearance of BCC lesions and is imperative to restore for treatment/prevention of BCC. Similar
to cytoskeletal structure, FLG transcription was not consistently restored across the donors
analyzed. Incorporating 25% ASZ cells into donor 4 models did not change FLG transcription
from 100% NHEK (Figure 4.15, A) Treatment with GANT-61 also did not result in significant
changes to transcription. These results are corroborated by immunofluorescent staining of FLG
where differences were not observed in protein localization or staining intensity (Figure 4.15, B).

Donors 6 and 7 did experience mild restoration of FLG transcription upon treatment
following significant reductions with 25% ASZ incorporation (Figure 4.15, C&E). Transcription
is increased to 47% of the 100% NHEK average for donor 6 and 24% for donor 7.
Immunofluorescent staining further reveals slight restoration towards non-diseased localization
and intensity of FLG. Both donors express FLG in the top 3-4 cell layers of the stratum
granulosum in 100% NHEK samples (Figure 4.15, D&F top). With 25% ASZ incorporation, this
falls to one cell layer or less with a loss of distinguishable keratohyalin granules (Figure 4.15,
D&F middle). Treatment with GANT-61 restores approximately 2 cell layers of FLG staining

with more intensely identifiable granules (Figure 4.15, D&F bottom).
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Figure 4.15: Donor-dependent restoration of filaggrin transcription and cellular localization
of 75% NHEK/25% ASZ models following treatment with GANT-61. A, C, E) gPCR
analysis of transcription for donors 4, 6, and 7. B, D, F) Immunostaining of filaggrin in
donors 4, 6, and 7. Graphs represent the mean * one standard deviation from 2 technical
replicates for each condition. Inlets show zoomed in sections of the stratum granulosum for
clearer observation of cell staining patterns. For donors 6 and 7, punctate keratohyalin

granules become identifiable and occupy a thicker layer of the tissue following treatment
with GANT-61.
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4.3 Conclusions and Outlook

In this chapter, 3-dimesional migration assays and 3-dimensional co-culture models of
BCC are described. They are further evaluated for their ability to assay Hh inhibitors for BCC
chemotherapeutic intervention. In a simple transwell model of ASZ cell migration, GANT-61
effectively inhibited migration with an ICso around 3 pM, well within literature reported 1Cso
values for this molecule. Vismodegib did not successfully prevent ASZ migration. While this
was surprising, it demonstrates both the lack of initial response for many patients undergoing
Vismodegib treatment and the inevitable Vismodegib resistance that many patients develop. It
does, however, also inform inhibition experiments in 3D co-culture models.

A successful co-culture model of differentiated epidermal keratinocytes with murine ASZ
cells is described. Cells were combined and seeded on top of a collagen dermis mimic and
allowed to differentiate at the air-media interface for 5 and 12 days. Four biological donors were
investigated at 5 days and four have been investigated at 12 days. Incorporation of cancer cells
causes overall epidermal thickening, thickening of the viable layer of cells, and depletion of the
cornified layer. This is combined with loss of density of keratohyalin granule staining,
suggesting pathological alterations to keratinocyte differentiation. The changes in differentiation
are further elucidated by gPCR and immunofluorescence analysis of cytoskeleton structure, cell
adhesion, and barrier function.

Loss of KRT10 transcription was measured on a logarithmic scale after 5 days of
differentiation. KRT10 loss was also generally observed after 12 days. KRT17 often compensates
for loss of KRT10 in BCC. This was consistently observed in co-culture models across the range
of ASZ incorporation. Interestingly, KRT16 was also found to be overexpressed at both the

transcript and protein levels. KRT16 is associated with hyperproliferative skin diseases and is
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largely understudied in BCC. These results confirm that changes in cytoskeletal structure do
mimic what is seen in patients BCCs and highlight this heterogeneous model system as a
valuable tool for identifying new molecular markers in BCC pathology.

Evaluation of cell adhesion components also served to validate these models as mimics of
patient BCCs. Specifically, E-cadherin proteins are rarely altered in patient BCCs. The data
presented herein aligns with this finding. Little is known about the contribution of desmoglein
and desmaocollin proteins in BCC development. Results from gPCR and immunostaining analysis
reveal that in co-culture models, these aspects of cell adhesion are compromised in response to
ASZ incorporation. DSC-1 and DSG-1 both show reduced immunofluorescent staining, and
DSC-1 transcription is greatly reduced. This data further highlights the utility of this model to
reveal markers that may be significant for BCC pathogenesis that have been understudied in
patients.

The final differentiation checkpoint evaluated was filaggrin. FLG is responsible for
aggregating keratin filaments and ultimately collapsing cellular structure during terminal
differentiation. FLG is commonly lost in BCC, and co-culture models reflect this characteristic.
After 5 days of differentiation, FLG transcription and protein expression are greatly reduced in
the presence of ASZ cells compared to 100% NHEK controls. At day 12, two out of four donors
experienced a similar depletion of FLG transcription, but the other two experienced an initial
spike. However, immunofluorescent staining revealed that increases in transcription did not
correlate to increases in protein expression. FLG was still lost in the granular layers.

It was hypothesized that the ASZ cell population could be specifically inhibited with Hh
antagonists to restore the phenotype and pathology of the model towards non-diseased identity.

GANT-61 was chosen to study as ASZ cells are not sensitive to Vismodegib. Inhibitor efficacy
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varied by donor but ultimately produced mild restoration towards a non-diseased phenotype for
each. Overall epidermal thickness is increased with 25% ASZ incorporation but significantly
reduced upon treatment with GANT-61. Similarly, the percentage of cornification in the tissues
was increased with treatment.

Treatment with GANT-61 had the most profound impact on the cytoskeletal structure of
co-culture models, but this effect was still donor dependent. Donor 4 responded the most to
treatment in restoration of cytoskeletal structure, donors 6 and 7 experienced intermediate
restoration, and donor 5 was insensitive to treatment. Similar effects were observed for
restoration of FLG barrier proteins. Donors 6 and 7 did show mild restoration of FLG in the
granular layer of tissues while donor 4 showed no significant changes.

It is important to note that GANT-61 has not been thoroughly studied by any research
groups for BCC inhibition. It is not an ideal candidate for testing the hypothesis that Hh
inhibition will produce tissues with closer to non-diseases phenotypes and pathologies. As such,
this makes the observed influences of GANT-61 treatment promising and provides a baseline
control for the exploration of other Gli inhibitors. Of particular interest is the evaluation of
Co(lI1)-DNA complexes described in Chapter 2 of this thesis. While delivery and treatment
logistics must be considered, Co(ll1)-DNA is almost 20-fold more potent than GANT-61 in
inhibiting Hh pathology in ASZ cells. It is hypothesized that it would also be more effective in
restoring co-culture models to a non-diseased state.

Other future work within these 3D systems is almost limitless. Keratinocytes were
selected for white/light pigmentation as this is the population that suffers the most from BCC.
Quite simply, researchers understand BCC best in white skin and literature knowledge validates

the pathology of this model. However, keratinocytes can be isolated from any human skin tissue.
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Cells can be selected for race, age, BCC risk factors, previous BCC diagnosis, family history of
skin cancer, and more. Additionally, the successful co-culturing of human and mouse cells is
promising for the incorporation of human BCC cells. Patient cells of different BCC subtypes and
classifications could be built into the model to study how cancer cell identity impacts the raft
tissue and to study treatment and prevention options. Everyone experiences cancer differently
and having a broader understanding of BCC mechanisms will allow for precision medicine to

treat individual patients more effectively.

4.4 Experimental section

General: Widefield microscopic images of migrated ASZ cells were taken using instrumentation
at Northwestern University’s Biological Imaging Facility. Keratinocytes and dermal fibroblasts
were provided by the Skin Biology and Diseases Resource-Based Center (SBDRC) Skin Tissues
Engineering and Morphology (STEM) core at Northwestern University. Sectioning of frozen
OCT blocks and routine paraffin embedding were also performed by the STEM core, and H&E
staining was performed by the Northwestern University Dermatopathology core. Special

acknowledgements are given to Dr. Ljuba Lyass and Shuangni Yang.

ASZ Cell Culture: ASZ and murine BCC cells are cultured in 154 Calcium Free media
supplemented with 2% “chelexed” FBS, 1x pen/strep, and 0.05 mM CaCl,. Since ASZ cells are
sensitive to calcium, calcium is stripped from FBS by Chelex-100 (Bio-Rad 142-1253) to
achieve a known final concentration of 0.05 mM. Cells were passaged in 75 cm? flasks. To split,
cells were incubated in DPBS for 10 minutes before lifting in 2 mL of Trypsin for 10 minutes.

The Trypsin reaction was quenched in M154 2% serum media, and Trypsin was removed by
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centrifugation at 200 rcf for 10 minutes. The resulting cell pellet was resuspended in 2% serum

M154 and passaged or counted for cell plating.

J2 Fibroblast cell culture: 3T3-J2 murine fibroblast cells are cultured in blah media
supplemented with 10% calf serum, Amphotericin B (Sigma A2942, 250 pg/mL), and
gentamycin (Sigma G1397, 50 mg/mL). Cells are passaged in 10 cm? tissue culture dishes, never
passing 70% confluency. To split, cells are lifted in 1 mL of Trypsin solution for 4-5 minutes at
room temperature and are quenched with 10% serum containing media. Cells are always

centrifuged to remove trypsin before resuspension and counting or passaging.

NHEK cell culture: The media for NHEK cell culture is calcium-free media M154
supplemented with 1 human keratinocyte growth supplement (ThermoFisher, S0015) 175 L of
0.2 M CaCl; (final concentration 70 uM), Amphotericin B (Sigma A2942, 250 pg/mL), and
gentamycin (Sigma G1397, 50 mg/mL), hereby referred to as M154 complete. Cells were
passaged in 10cm? tissue culture dishes. To split, cells were lifted in 2 mL of Trypsin solution for
7 minutes while incubating at 37°C. The trypsin reaction was quenched in 10% serum containing
media and trypsin/serum-containing media were removed via centrifugation at 500 rcf for 5
minutes. Cells were resuspended in M154 complete prior to passaging or counting. NHEK cells
isolated form patient tissue (performed by various members of the Perez-White laboratory) were
only used for experiments if they had been passaged 5 or less time and had been in culture for 21

days. Past P5D21, cells were discarded.

Transwell migration assays: ASZ cells were seeded in 6-well plates at 300,000 cells/well with
one well for every desired control and experimental condition. Once confluent, cells were either

media swapped for non-treated controls or treated with desired concentration of Hh inhibitor
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Scheme 4.4: Transwell assay experimental setup for ASZ cells. ASZ cells that have been pre-
treated with Hh inhibitors are seeded at 200,000 cells onto a porous membrane in 400 pL of
serum-free media with the desired treatment. Below the membrane, a well of a 24-well plate
contains 400 pL of full serum media plus treatment. Cells migrate for 48 hours prior to
fixation, staining, and imaging.
(Vismodegib or GANT-61) for 24 hours. Prior to lifting cells, transwell inserts (ThermoFisher,
P18P01250 Millicell Cell Culture Insert, 12 mm, polycarbonate, 8.0 um) were half prepared in
24-well plates. First, 400 pL of full serum ASZ media was added to the bottom of the well of a
desired condition to serve as the chemoattractant for cell migration. To ensure that both the top
and bottom of the inserts contain treatment, 0.4 pL of 1000x GANT-61 or Vismodegib were
added and mixed by pipetting. Inserts themselves were prepared in empty wells and then placed
inside the matching media-containing wells once fully ready. At this point, the cells were lifted
with Trypsin, quenched with serum-containing media, and transferred into individual centrifuge
tubes for Trypsin removal via centrifugation. The cells were then resuspended in 1 mL serum-
free M154 media each for cell counting. Generally, a 6-well dish of confluent ASZs yields 1
million cells in ImL. Optimal cell count for migration assays was determined to be 200,000 cells

per insert. For the top of the inserts, the volume was 400 pL total. The volume necessary for

200,000 cells was combined with a volume of serum-free media to reach 400 pL in the insert.
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Generally, this came to around 200 pL of each. Lastly, 0.4 uL of 1000x treatment was added and
pipetted gently to mix. Inserts were then transferred to their matching media-containing wells
using sterile forceps and allowed to migrate for 48 hours. Scheme 4.4 summarizes the transwell
setup.

After 48 hours, intact membranes are fixed (10 minutes in 4% paraformaldehyde),
permeabilized (10 minutes in methanol), and stained (30 minutes in 1% aqueous Crystal Violet,
Sigma Aldrich V5265-250ML). At the completion of staining, a cotton swap was used to gently
remove non-migrated cells from the upper portion of the membrane. The inserts were then
washed x4 in DPBS to remove background staining and were immediately imaged

(Northwestern Biological Imaging Facility Olympus 1X53 Inverted Color Microscope).

ImageJ macro for cell counting: To streamline cell counting, an ImageJ macro was developed
to consistently and reproducibly count cells in every image taken. First, the image is duplicated
and converted into an 8-bit )black and white) image. A Gaussian Blur at Sigma=2 is performed
(Process > Filters > Gaussian Blur). Thresholding is performed to select the area of cell stain,
and the “Li” thresholding algorithm was found to be best suited for this type and shape of cell
(Image - Adjust = Threshold). At this point, the background is set to black and the thresholded
area of interest becomes white. The “Convert to mask” command is then run (Process = Binary
—> Convert to Mask), followed by an opening protocol under Process - Binary - Options - do
= open, count = 1, iterations = 5. To identify where cell boundaries are between each other, the
watershed function is performed (Process - Binary - Watershed) and then the particles are
analyzed from size 1250-infinity (Analyze - Analyze Particles). To check the success of the
macro, the outlines of the results are overlayed with the original image. Figure 4.16 shows an

example of this after the cell counting protocol.
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Figure 4.16: Results of ImageJ cell counting macro for ASZ cells. Left: original image.
Right: Image overlayed with the cell counting results. In general, this macro effectively
determines cell borders to count each individual cell. It can also distinguish discrepancies in
cell sizes.

Preparation of collagen plugs: Sterile reconstitution buffer (1.1 g NaHCOs3, 2.3 g HEPES in 50
mL of 0.05 N NaOH), DMEM (low glucose, Sigma D2429), water, collagen (Corning 354249),
and 0.5N NaOH are first placed on ice to ensure they are cold when ready to use. Mouse 3T3-J2
fibroblast cells are lifted and counted. Between 300,000 and 400,000 J2 cells are needed for each
collagen plug- typically aim to have 20 plates of J2 cells to lift for every 12 plugs. Additionally,
each plug is 1.5 mL total (for 12 plugs, 18 mL). After counting, cells are centrifuged to move cell
counting media and resuspended in “10x” reconstitution buffer (for 12 plugs, 1.8 mL) in a 50 mL
centrifuge tube with clearly marked volumes. “10x” DMEM and “10x” water are then added to
the cell suspension (for 12 plugs, 1.8 mL of each). Collagen is then carefully poured into the
center of the tube, avoiding contact with the walls, to the final volume (for 12 plugs, 18 mL
total). To achieve the desired color of “watermelon jolly rancher” pink, 50-150 pyL of 0.5N
NaOH are added at a time. Between additions, the tube is gentle rocked and spun to mix the
contents without creating bubbles. One the desired color is achieved, pipettes stored at -20°C are

used to carefully pipette 1.5 mL of the collagen mixture into each well of a 12 well plate. After 5
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plugs, a new pipette is gotten from the freezer to ensure the collagen does not begin to harden
inside a warmed pipette. After all plugs are poured, incubate at 37°C for 20 minutes until the
collagen has set. Add 2 mL of J2 media and return to the incubator. Plugs can be used anywhere

from 1-4 days after pouring to begin a 3D experiment.

E-media recipe for 1L: Media D5671 (463.5 mL) + media D6421 (463.5 mL), gentamycin (10
pg/mL final), amphotericin B (0.25 pg/mL), L-glutamine (4 mM final), hydrocortisone (0.4
pg/mL final), cholera toxin (10 ng/mL final), FBS (5% final), and 10 mL E-cocktail (180 puM
adenine, 5 pg/mL bovine pancreatic insulin, 5 pg/mL human apo-transferrin, 5 pg/mL

tilodothyronine, final volume 200 mL in PBS)

Seeding NHEK/ASZ co-culture experiments (Day -2): Before cells are lifted, the media for each
collagen plug is aspirated and replaced with 1 mL of E-media + EGF (epidermal growth factor,
final concentration 5 ng/mL) For a 3D differentiation assay, each plug is seeded with a total of
600,000 cells with 1 mL of total cell suspension being added to each plug (that already contains
1 mL of E-media + EGF). Table 4X breaks down the number of each cell type needed for co-

culture experiments, as well as the volume of cell suspension (specified below).

Table 4.1: NHEK/ASZ co-culture cell suspension specifics

. # of NHEK # of ASZ pL of NHEK | pL of ASZ cell
Co-culture ratio . )
cells/plug cells/plug cell suspension suspension
100% NHEK 600,000 - 1000 -
90% NHEK/ 10% ASZ 540,000 60,000 900 1000
75% NHEK/ 25% ASZ 450,000 150,000 750 250
50% NHEK/ 50% ASZ 300,000 300,000 500 500
100% ASZ - 600,000 - 1000
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NHEK and ASZ cells are lifted and counted separately. Stock suspensions of each cell
are made at 600,000 cells /mL in E-media + EGF. To make co-culture mixtures, appropriate
volumes of each stock are combined in centrifuge tubes to 1 mL, mixed thoroughly, and then
added to a labeled collagen plug. For example, for 1 plug of 75% NHEK/ 10% ASZ, 750 uL of
NHEK cell suspension is combined with 250 pL of ASZ cell suspension and mixed thoroughly
prior to evenly dispersing the mixture across the surface of the plug. This is achieved by slowly
pipetting the suspension in a snake-like motion across the entire area of the plug. Once all plugs
are seeded, the plates are incubated at 37°C. Seeding day is defined as Day -2. On Day -1, the E-
media + EGF is swapped for fresh E-media + EGF. This is done again on Day 0 1 hour prior to

lifting the plugs.

Lifting collagen plugs to air-media interface (Day 0): E-media + EGF should be swapped for
fresh E-media + EGF 1 hour prior to lifting. During this hour, culture dishes are prepped with E-
media (no EGF) and a sterile metal support grid. First, one metal grid is added to a 60 mm
culture dish for each plug (each plug gets a separate dish and metal grid). Each dish receives 6
mL of E-media (no EGF) that may also contain GANT-61 treatment for treated cultures. Plugs
are lifted with a sterile spatula by gently releasing the plug from the sides of the well before
scooping and placing in the center of the metal grid. The spatula is used to unfold any tucked
edges of the plug to ensure it lays totally flat. After all plugs are lifted, the dishes are carefully
returned to the incubator taking precaution against media splashing onto the tops of the tissues
for the remaining duration of experimentation. The media is replaced (with or without GANT-61

treatment) every other day until harvest.
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Scheme 4.5: Sectioning of 3D tissue for post-harvest analysis. Clean cuts are made with a
razor blade on the dashed lines. Sections marked with 1 are peeled from the collagen
membrane and lysed in TRIzol for mRNA extraction. The section marked 2 is fixed in
neutral buffered formalin for paraffin embedding and ultimate hematoxylin and eosin
staining. The section marked 3 is embedded in frozen OCT for immunofluorescence

Harvesting 3D tissues: Tissues were either harvested 5 days after lifting or 12 days after lifting.
The procedure is the same regardless, and each tissue is harvested one at a time. First, the media
is aspirated from the dish and the plug/metal grid are submerged in DPBS. While submerged,
small curved scissors were used to gently cut away any tissue that is connected to the metal
support grid. Once released, the DPBS is decanted and the plug (with tissue still on top) is
moved to the center of the dish. Razor blades were used to precisely cut the tissue into a long
rectangle. This rectangle is then cut in half so that one half is fixed in neutral buffered formalin
for paraffin embedding and the other half is frozen in OCT solution. The tissue on the edge
pieces originally cut off were lysed in TRIzol total mRNA isolation buffer (Invitrogen Life

Technologies, Catalog # 15596-026) for gPCR analysis. Scheme 4.5 pictorially represents the
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tissue cutting process. Formalin samples are fixed for 24 hours before transferring to 70%
ethanol in cassettes and delivery to Northwestern’s Skin Tissue Engineering & Morphology
(STEM) Core for routine sectioning and H&E analysis. OCT blocks were also sectioned by the

STEM core.

Analysis of H&E stained images tissues: Images of H&E stained slides were taken on a Zeiss
microscope fitted with a color camera at 20x magnification. At this magnification on this
instrument, the pixel/micron ratio is 5.9005. This ratio was used to set the scale for images in
ImageJ so that the thickness of the total epidermis, the viable layer, and the cornified layer could
all be determined across biological replicates and multiple images. To calculate the % of viable
and cornified layers of the whole, the raw micron measurements for viable or cornified layers
were divided by that of the total and multiplied by 100. One-way ANOVA analysis for multiple

statistical comparisons was performed in GraphPad Prism.

Quantitative real time-Polymerase Chain Reaction analysis: Tissues lysed in TRIzol total
MRNA isolation buffer (Invitrogen Life Technologies, Catalog # 15596-026) were storing at -80
°C in RNAase free microcentrifuge tubes until ready for mRNA extraction. The Qiagen
miRNeasy minikit (Qiagen Technologies, Part Number 217004) was used to extract mRNA from
all samples. The total quantity of mRNA extracted was verified through nano-drop Ultraviolet-
Visible absorption with Nanodrop adaptation. Complimentary DNA sequences were transcribed
from 1 pg of mMRNA from each sample using Superscript III First-Strand Synthesis SuperMix for
gRT-PCR (Invitrogen, Part Number 11752050). Quantitative rt-PCR was performed on a Roche
Light Cycler ® 96 with Faststart essential DNA green master (Roche catalog number

6402712001). Acidic ribosomal protein pO (Rplp0) was used as a control for human mRNA
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analysis, and murine ribosomal protein L19 (Rpl19) was sued as a control for mouse mRNA

analysis. All forward and reverse sequences can be found in Appendix 5.

Immunofluorescent staining of OCT frozen tissues: OCT blocks were sectioned onto slides by
Shuangni Yang in Northwestern’s Skin Tissue Engineering and Morphology (STEM) core.
Slides were stored at -80°C until ready for use. Tissues were fixed in 50% methanol at -20°C for
20 minutes before allowed to completely dry in air. Slides were then was in PBS for 5 minutes.
Blocking was performed in 5% normal serum that will not be represented in one of the
antibodies (typically this is goat, but if a goat antibody is used, block in donkey serum) for 1
hour. Slides are briefly dipped in PBS to remove excess before adding 100 pL of primary
antibody concoction to each slide and covering with a thin strip of parafilm. Clones and dilution
factors for all antibodies tested can be found in Appendix 5. Primary antibodies reacted
overnight at 4°C in a humidity chamber. The following day, the sides were washed 3x5 minutes
in DPBS. After washing, slides were placed back into the humidity chamber and 100 pL of
secondary antibody concoction was added to each slide before covering with a thin strip of
parafilm. For each experiment, the secondary antibodies were Goat a Mouse 647 and Goat o
Rabbit 488 at 1:300 dilution. Secondary antibodies incubated for 1 hour. Slides were washed
3x10 minutes in DPBS. Between the second and third washed, slides were incubated with 1x
DAPI for 5 minutes as a nuclear stain. Slides were mounted with coverslips and gelvatol and
were stored in the dark and allowed to dry for 3 days prior to imaging via fluorescence

microscopy.
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Appendix 1

Non-invasive Detection of Stem Cell Therapies Facilitated by

Metal lon-Based Contrast Agents

This chapter was reformatted from:

Dukes, M.W., Modo, M., Meade, T.J. Non-invasive Detection of Stem Cell Therapies
Facilitated by Metal lon-Based Contrast Agents in Molecular Biosnesors and the Role of Metal
lons (MILS-23). Sigel, A., Freisinger, E., Sigel, R.K.O., Eds.; Thomas J Meade, GmbH: Berlin,

Germany. In final print stages.
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Abstract: Stem cell therapy is a unique approach to regenerative medicine as the fundamental
pathways of cell lineage can be hijacked to renew damaged tissue in the body. Such therapies
have clinical interest in numerous fields and disorders such as oncology, cardiovascular disease,
neurological disorders, spinal cord/bone injury, and more. However, translation of these
therapies toward clinical approval necessitates the ability to accurately investigate in preclinical
and clinical trials where cells are located following transplantation and how they behave.
Clinically available non-invasive imaging techniques such as magnetic resonance imaging,
nuclear medicine imaging, and optical imaging are the most promising methods to monitor these
advanced therapeutic products. This chapter will evaluate each imaging modality for its utility in
stem cell tracking, and describe metal-ion containing contrast agents that promote specific
detection of stem cell populations in vivo. We will focus on how each modality and the
associated contrast agents are designed to not interfere with the activity and function of native

stem cells. We will report on the current strategies for longitudinal imaging studies that provide

1. Introduction

Stem cell therapies have garnered attention in the past few decades as safe intervention
strategies for several disease conditions characterized by a loss of cells.[1, 2] Essentially,
pluripotent (or multipotent cells), also known as stem cells, can differentiate and restore
damaged tissues when directed to the site of an injury, disease, or malfunction.[3] Embryonic
stem cells (ESCs) are desirable for stem cell therapy for their ability to differentiate into all cell
lineages, but a number of ethical concerns and the logistics of sourcing embryonic tissues have

hindered clinical translation.[4] However, the advent of induced pluripotent stem cells (iPS)
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have provided a readily available source of human cells for clinical translation without the need
to use embryonic tissue.

Herein, we focus primarily on regenerative therapies in the central nervous system for
which multipotent neuronal stem cells (NSCs) provide a tissue-specific cell. NSCs can be
harvested from fetal brain tissue with the same challenges as ESCs or NSCs. Today, these cells
can be derived from iPS. Several iPS-derived NSCs are commercially available. Human
mesenchymal stem cells (MSCs), harvested most commonly from bone marrow, can also be used
if the therapeutic target involves the secretion of growth factors rather than the replacement of
brain cells.[5] While few MSCs have received clinical approval, preclinical investigations of
ESCs, MSCS, and NSCs have shown great promise for stem cell therapies.[6, 7]

Cancer, cardiovascular diseases, inflammatory diseases, neurological disorders, and bone
injuries are the most investigated conditions for stem cell therapy. In oncology, MSCs are used
to target tumors to deliver anticancer drugs[8, 9], and treat leukemia and other blood cancers and
disorders.[10-12] Cell therapies in cardiovascular disease can promote improved cardiac function
and decreased infarct size following a myocardial infarction.[13-15] Stem cells have also
successfully aided in reducing inflammation in simple wound healing processes as well as more
involved nephritis associated with autoimmune disorders.[16, 17]

The primary focus of this chapter is on stem cell therapies for disorders and diseases of
the central nervous system and bone regeneration. Preclinical investigations include stem cell
therapy for multiple sclerosis, Alzheimer’s Disease, Motor Neuron Disease, Parkinson’s disease,
stroke, and spinal cord injuries.[18-20] In clinical trials, MSCs have promoted functional
recovery in patients following a stroke with no adverse side effects out to one year.[21] A similar

clinical trial saw no adverse side effects when evaluating MSCs to treat a spinal cord injury;
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however, the study could not draw any conclusions about treatment efficacy.[1] Preclinical
investigations of bone regeneration have shown promise, and clinical trials are still ongoing.[22]
In general, the safety of stem cells therapies has been established, but their potential for
therapeutic efficacy remains unproven. A major challenge in establishing efficacy is our ability
to ascertain in a clinical setting that cells were delivered to the target site, survived, and elicited
their therapeutic effects.

Given such wide applicability for stem cell therapies, clinical translation will require the
ability to accurately and reliably monitor stem cells non-invasively in deeply seated organ.[23,
24] Issues with therapeutic efficacy often arise from either incomplete cell differentiation or stem
cells not honing to the injured or diseased part of the body. Inappropriate migration to undesired
areas or even uncontrolled growth in the desired area can also lead to unwanted
tumorigenesis.[25] As such, the ultimate clinical approval of stem cell therapy will require
preclinical and clinical investigations of cellular tracking methodologies that can 1) accurately
determine where stem cells are localizing and 2) report on their function. It is imperative for cell
tracking methods to be nontoxic to stem cell viability and inert to its differentiation potential, to
have reproducible and sufficient cellular internalization, to produce a strong signal in vivo, and to
promote longitudinal studies that track cell location/function over time.

We will discuss current progress towards developing metal-ion based non-invasive
imaging strategies for tracking cellular based therapies. We will evaluate the utility of contrast
agents (CAs) developed for Magnetic Resonance Imaging (MRI) (Section 2), nuclear medicine
and Computed Tomography (CT, Section 3), and optical imaging modalities (Section 4), as they
are most widely used in clinical and preclinical settings. Lastly, we will examine multi-modal

combinations of available CAs. We will scrutinize each modality for stem cell tracking, as well
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as a few major advances in metal-ion based CAs in the context of the above-mentioned design
principles. We will explore both molecular and nanoparticle CAs. Nanoparticle agents are
defined as having a core made of metal ions, but molecular agents are chelated complexes even
if the study utilizes nano-encapsulation delivery methods.

2. Magnetic Resonance Imaging

Since the early 1980s, MR imaging has become the top-choice diagnostic imaging
technique for neurological, cardiovascular, and musculoskeletal diseases and disorders, and its
use has expanded rapidly in utility in the past 20 years.[26] One reason for this is the safety
profile of MRI which uses non-ionizing radiation for imaging.[27] During an MRI scan, a
magnetic field Bo is applied to the body and the nuclear spins of biological protons (mostly
water) preferentially align with the magnetic field. This produces a net magnetization vector
along the z-axis, Mo. A radio frequency pulse is then applied to tip the net magnetization vector
into the xy-plane. Signal is produced as detectors measure the radiofrequency relaxation of the
nuclear spins back to Mo. Longitudinal relaxation time, Ty, is measured by the time it takes for
the net magnetization to relax back to Mo along the z-axis. The signal in Ti-weighted MR
imaging is proportional to the inverse of the time Ty, also defined as the relaxation rate Ri. This
makes shorter Ty times desirable for Ti-weighted MR imaging. Transverse relaxation time, T,
describes the time it takes for the loss of net magnetization in the xy plane via dephasing.[28]
The signal in T-weighted MR imaging is similarly proportional to the inverse of the transverse
relaxation rate, R2. Contrast agents can be used in MRI to modulate T1 and T times of analytes
of interest and obtain more information from the experiment. The values of these relaxation

times are then converted into a black and white signal scale to produce an image.
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For most populations, MRI is a reliably safe non-invasive imaging modality. The use of
non-ionizing radiofrequency pulses prevents risks associated with multiple scans that would be
necessary for tracking stem cells in a longitudinal study. Additionally, an MRI scan can be taken
immediately after the administration of a contrast agent, and has unlimited depth penetration and
excellent spatial resolution.[29, 30] While inherent differences in tissue environment create
excellent soft tissue contrast in MRI, paramagnetic CAs are used to produce even more
significant differences in signals in an area of interest by influencing either Ty or T2 relaxation
processes.[29] However, a major disadvantage of MRI is the lack of sensitivity of CAs in
imaging experiments.[31]

A positive CA will predominantly shorten the T: relaxation time, producing a brighter
signal compared to surrounding tissue. A negative CA will predominantly shorten T2, creating
negative contrast observed by a loss in signal compared to surrounding tissue. For a Ty contrast
agent to be detectable, the tissue concentration needs to be in the high uM to mM range.[32] T2
strategies tend to require a lower concentration of agent to create distinguishable negative
contrast.[30] T contrast agents are still preferred, as a bright signal is visually more compelling

than a loss of signal.

2.1 Molecular Contrast Agents

Since the approval of the first CA in 1988, 10 molecular CAs have received full approval
for clinical use in the United States. Among these, nine rely on paramagnetic Gd(I11) to produce
contrast and one is Mn(ll)-based. In comparison, only two nanoparticle CAs have received full
approval for clinical use by the US Food and Drug Administration (FDA).[33] As such,

molecular CAs for MRI are among the most heavily explored as stem cell tracking agents.
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2.1.1 Gd(I11) agents

Gadolinium-based contrast agents are used in approximately 40% of all MRI scans, with
almost 50 tons of gadolinium administered annually.[29, 34] Gadolinium is a T1 contrast agent
that shortens the longitudinal relaxation time of hydrogen in water molecules directly bound to
gadolinium itself, hydrogen bound to a chelating ligand, and hydrogen simply in the proximity of
the strongly paramagnetic ion.[35] Signal enhancement comes predominately from inner-sphere
water molecules that are exchanging with bulk water in proximity to the complex.[35] Gd(ll)
complexes discussed in this section are summarized in Table 1.

Gadolinium chelated by the linear molecule diethylenetriaminepantaacidic acid (forming
Gd-DTPA, Magnevist®) was FDA approved for clinical use in 1988. However, Gd(lll)
complexes have poor cellular permeability, thus requiring creative strategies for delivery into
stem cells before implantation back into the body to be detected by MRI. One study delivered
Gd-DTPA into MSCs using non-liposomal transfection agents prior to direct stereotaxic
injection into a murine model of stroke. Contrast was detectable out to seven days, but efficacy
of the treatment or continued imaging capability over time was not evaluated.[36] In contrast,
delivery of Gd-DTPA into MSCs by liposomal transfection agents promoted imaging out to two
weeks.[37]

Another study evaluated the efficacy of commercially available jetPolyehtyleneimine as a
transfection agent for Gd-DTPA into MSCs, and also saw contrast out to two weeks in a model
of spinal cord injury.[38] While each of these studies reported a final imaging timepoint, they do
not discuss at what point signal could no longer be detected. This makes comparisons between

methodologies difficult.
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Structure Notes Refs.
Gd-DTPA
Magnevist®
FDA approved in 1988 [36-38]
Linear chelate that is sensitive to
Gd(I1l) displacement in acidic
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While initial studies with Gd-DTPA were promising, linearly chelated Gd(l11) complexes

are less stable than macrocyclic alternatives and can result in unwanted gadolinium retention in a

patient following administration. Dissociation of the metal ion from the ligand has been observed

in the acidic environment of endosomes following internalization.[39] Because of this, the FDA

has warned clinicians to exercise caution when administering linear Gd(l11) chelates. This will be

a common point of discussion throughout this chapter. Gadolinium retention is often benign, but

free Gd(l1I)-ions can cause damage to tissues by blocking calcium channels and interfering with
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protein functions.[40-42] An additional concern is for patients with kidney disease, as unstable
gadolinium chelates may be causative of nephrogenic systemic fibrosis.[43] One study’s solution
to this was to bind Gd(lIl) ions directly to melanin nanoparticles to deliver into MSCs. As a
proof of concept, Gd(111)-melanin labeled MSCs were injected directly into the thigh muscle of
rats and were imaged out to four weeks post injection. Cai et. al. found these particles to be more
stable than Gd-DTPA with greater signal contrast.[44]

Other studies have focused on developing macrocyclic chelating strategies for Gd(l11)
agents, as three macrocyclic agents are approved for clinical use and are known to bind Gd(llI)
more stably.[45] One example of this is FDA approved 1,4,7,10-tetraazacyclododecane
macrocyclic chelate (Gd-DOTA, Dotarem®) to label MSCs. While Gd-DOTA has been explored
in some stem cell tracking, cellular permeability remains a major issue.[46, 47] Giesel et. al.
evaluated Gadophrin-2, a functionalized derivative of Gd-DOTA, both with and without
transfection agents and found the transfection agents to still be necessary for producing sufficient
MRI signal. Labeled MSCs were stereotaxically injected into the brain, but a longitudinal study
was not performed to see how far out signal contrast could still be detected.[48] An untapped
benefit of this complex is the ability to simultaneously perform *F MRI. As fluorine has a
negligible background signal, areas of appreciable *H signal contrast seen in T1 images could be

correlated with colocalization of fluorine MRI signals.
2.1.2  Mn(ll) agents

The rapid rate of clearance of molecular gadolinium CAs is the primary attraction for
utility in most MRI applications since metal retention can be associated with negative side

effects. As such, we question their long-term utility as tracking agents for cellular based
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therapies. One method to avoid this possible complication is the use of paramagnetic metal
species that are found endogenously in healthy tissue, such as manganese. Mn(ll) contrast agents
present a unique substitute to Gd(lI11), as Mn(ll) is an essential metal in biological function which
increases its overall biocompatibility.[49] To date, the only clinically approved injectable
Mn(ll)-based contrast agent is Teslascan, which is a Mn(ll) ion chelated by
dipyridoxaldiphosphate (DPDP). Mn(I1)-DPDP is used clinically for liver imaging and the
overall safety profile is significantly higher than that of Gd(I11)-DTPA.[49] Even so, an over-
exposure to manganese can present serious health concerns; as with gadolinium, chelate stability
is an important consideration for these complexes.[49-51] Herein, we discuss the progression of
a family of Mn(ll)-porphyrin complexes (Table 2) and their application for T1 weighted MR
imaging for STEM cell tracking.

The first generation of Mn(ll) porphyrin complexes designed by the Chen group was
Mn(I1)-[(acetoxymethoxycarbonyl)porphyrin] (MnAMP), an enzyme-activatable contrast agent
first explored in vitro in ESCs.[52, 53] As a major advantage compared to Gd(l11) complexes,
Mn(Il)-porphyrin complexes do not require aid from cellular internalization agents. Initial
investigations showed promise for these complexes as they did not impede ESC viability,
proliferation, or differentiation potential.[52] However, synthetic challenges encouraged the
group to make a second generation of Mn(ll)-[5-(4-aminophenyl)-10,15,20-tris(4-
sulfonatophenyl) porphyrin] (MnPNH2) complexes. MnPNH> was synthetically more favorable
than MnAMP and maintained the inert profile to cell function, but exhibited worse uptake in
ESCs. Labeled cells were injected subcutaneously into rats and imaged, but a longitudinal study
was not performed to assay signal strength over time.[54] A third generation of complexes,

Mn(11)-[5,10,15,20-tetrakis(ethoxycarbonyl) porphyrin] (MnEtP), was found to satisfy both



Table 2. Mn(I1)-porphyrin complexes for Ti-weighted MR imaging
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synthetic ease and cellular uptake profiles. The Cheng group indeed observed superior
internalization with retained inertness to ESC cellular function. Subcutaneous injections of
labeled ESCs revealed superior signal enhancement over unlabeled ESCs, but again a

longitudinal study was not performed. [55] In order to assess the utility of this family of CAs
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more thoroughly, a longitudinal study is imperative. However, initial findings for these
complexes show promise for further optimization and preclinical investigation as Gd(lll)

substitutes.

2.1.3 ParaCEST Agents

Chemical Exchange Saturation Transfer (CEST) is an alternative method to T1 and T»
contrast that relies on the exchange properties of a proton on a CEST CA with bulk water. In a
CEST experiment, saturation of a specific MR frequency corresponding to an exchangeable
proton on the CA results in decreased bulk water signal due to exchange of the saturated nuclei
with water protons.[56] Paramagnetic chemical exchange saturation transfer (ParaCEST) agents
contain a paramagnetic ion that shifts the MR frequency of the exchangeable proton away from
biological frequencies to promote selective saturation of just the one signal.[57, 58] As an added
benefit, different paramagnetic ions shift proton signals to different frequencies, allowing
simultaneous detection of multiple probes.[59]

Nicholls et. al. utilized this strategy to study the co-injection of endothelial cells with
NSCs to improve regenerative properties following a stroke. Little is understood about how the
interplay between the two cell types results in more complete regeneration than NSCs alone.[60]
To explore this, Nicholls et. al. labeled endothelial cells with a europium ParaCEST CA (Eu-
HPDO3A) and labeled the NSC population with an ytterbium ParaCEST CA (Yb-HPDO3A) via
electroporation (Figure 1). Because the lanthanide identify creates unique proton saturation
frequencies, the two cell populations were visualized simultaneously in the stroke cavity of a rat
model.[61] A longitudinal study was not performed, but this study highlights a unique advantage

for ParaCEST imaging in stem cell tracking.
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Figure 1: ParaCEST tracking endothelial cell and NSC populations in a rat model of stroke.
(A) Chemical structure of M(111)-HPDO3A. Eu(lll) chelates were used to label transplanted
endothelial cells, and Yb(Ill) chelates were used to label NSCs. (B) z spectra of agent
solutions showing signal intensity compared to the reference at —120ppm for both Eu-
HPDO3A (Eu) and Yb-HPDO3A (Yb). Asymmetry highlights the regions of chemical shift
that can be exploited to achieve specific imaging of each agent. Eu (18 ppm) and Yb (69
ppm) regions are non-overlapping, hence affording selective imaging. (C) There is a good
correspondence between the distribution of transplanted cells as visualized by paraCEST and
the histological marker for human cells (Human Nuclei Antigen, HNA). The Eu (18ppm)
image indicated a fairly homogenous distribution of NSCs, which was paralleled by its
histological validation using GFAP as a marker within the transplant area. Yb (97ppm)
imaging also truthfully reflects the macroscopic distribution of transplanted ECs, as detected
by CD31. (D) To further validate the accuracy of the MR images, partially transparent
histological overlays of transplanted cells (HNA) with NSCs (GFAP) and ECs (CD31)
specific markers were co-registered based on landmark identification to the relevant MRI
images. This further highlights the regional specificity of the MR images as well as a correct
mapping of relative cell distribution.[61]
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An interesting future application for this dual-agent system is the ability to create
activatable probes that will shift saturation frequency upon interaction with a molecular marker.
A marker could be chosen to report back on stem cell differentiation or another process by which
therapeutic effect could be imaged alongside cellular localization. ParaCEST agents would be
superior to Ty and T2 agents for this application as it avoids the uncertainty of grey scale images.
A change in signal is observed as a shift in the exchange frequency, not a slightly brighter or
darker image that cannot be accurately quantified. However, this benefit must be cautiously
weighted with some of the inherent disadvantages of ParaCEST. Like Ty and T2 CAs, ParaCEST
suffers from low sensitivity.[62] Additionally, the specific absorption rate (SAR) of a ParaCEST
agents presents a major challenge. The power required to detect ParaCEST signal over time can

have a negative impact on surrounding tissue viability.[63]

2.2 Nanoparticle Contrast Agents

The lack of sensitivity for MRI as an imaging modality presents a challenge for
molecular CAs. A concern will always be having enough agent in tissue to detect, especially as
cells divide and the intracellular CA concentration is diluted. Nanoparticle strategies have
emerged as an alternative because their core can be very densely packed with paramagnetic
metal ions with bulk magnetic properties. Here, we discuss advances in nanoparticles that

contain metal ions in their cores for MRI tracking of stem cells.

2.2.1 Gd(11) Particle Core

Even though several monomer gadolinium agents have received clinical approval,
nanoparticle formulations with Gd(lll) ions at the core are far less abundant. In one study,

Gd(I11) complexes chelated by three 2,4-hexanedione ligands were emulsified in wax and Brij78
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surfactant to produce a densely packed Gd(l1l) core. Cellular internalization and signal contrast
were superior to that of Gd-DTPA at identical concentrations in vitro, and cellular function of
MSCs was not significantly hindered.[64] This study did not perform any in vivo tracking
studies, and a follow-up study was not found. It is likely that the non-covalent nanoemulsion
would not be stable in the intracellular milieu long-term, and the hexanedione ligands would not
be thermodynamically stable for preventing free Gd(Ill) ion escape. This highlights the
challenges of translating favorable T1 molecular imaging properties of Gd(l1l) into nanoparticle

formulations.

2.2.2 Superparamagnetic Iron Oxide Nanoparticles

Dense core structures of iron oxide are the most clinically used MRI nanoparticle
structures and function as T> CAs. Two superparamagnetic iron oxide (SP1O) formulations,
ferumoxides (Feridex® and Endorem®) and ferucarbotran (Resovist®), have received approval
in the US and Europe.[65] Clinical investigations of SPIOs have been largely halted due to
financial considerations, but many preclinical studies have proceeded for evaluating SPIOs for
stem cell tracking.[66] SP10s have been reviewed extensively for stem cell tracking elsewhere in
terms of particle coating to promote cellular internalization.[24, 67-69] Herein, we highlight a
few studies with the focus on the longitudinal aspect of stem cell tracking.

The first few studies performed imaging out to two to four weeks post cell transplantation
in models of stroke and brain/spinal cord injury. On the low end of this time frame, Reddy et. al.
coated SPIOs with chitosan and successfully imaged labeled MSCs up to 16 days.[70] Another
study labeled SP1Os with poly-L-lysine prior to incubation with MSCs. Cells were transplanted

into a model of traumatic brain injury and imaged out to three weeks.[71] Jiang et. al. incubated
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NSCs with uncoated SPIOs and imaged transplanted cells out to four weeks in a rat ischemic
model.[72] In a more comprehensive study, ESCs, MSCs, and CD34+ cells were labeled with
Endorem® for tracking in models of spinal cord lesions, stroke, and spinal cord injury,
respectively. Signal was observed out to 30 days.[73] One study went further, tracking NSCs
labeled with ferumoxides coated with protamine sulfate in a rat model of ischemia for as long as
nine weeks.[74] Obenaus et. al. went even further out to 58 weeks, successfully imaging SPIO
labeled NSCs in a rat model of ischemic injury with no adverse side effects observed.[75]

As the stem cell tracking field transitions from asking the first question of “Can we image
the specific cell population?” into the second question of “Can we report on functional
activity?”, imaging strategies need to be compatible with long-term imaging studies. While these
examples show that cells labeled with SPIOs can be imaged on longer time scales, it becomes
apparent that inconsistencies in the literature make drawing comparisons between different
labeling strategies difficult. These papers discuss how long they chose to image for, but they do
not provide any commentary on the time point at which signal enhancement can no longer be
detected.

It has become apparent that Gd(I11) and SP1Os are the leading choice CAs for MRI. To
compare Gd(I11) and SPIOs directly, one study focused on the functional aspect of being able to
detect viable from non-viable MSCs with either Gd(I11) or SPIOs.[76] Guenoun et. al. found that
non-viable cells labeled with Gd(l11) exhibit significantly less contrast enhancement than viable,
proliferative cells. In contrast, non-viable and viable MSCs labeled with SPIOs could not be
easily distinguished, as non-viable cells produce the same signal void as viable ones. The paper
concludes that this is a valuable method for monitoring if a transplant is going to be rejected.

Furthermore, the group noticed that the transplanted cells exhibited rapid tumor-like proliferation
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at the transplant site through 15 days. This was not expected and not wanted. This poignantly
illustrates the general necessity for tracking stem cell therapies, as well as within the context of
each individual tracking strategy to report on cellular behavior. It is possible that the presence of

the tracking agents caused the over-proliferation.

2.2.3 Cobalt Alloy Nanoparticles

Nanoparticles with cobalt cores were found to have superior influences on water
molecules as T> CAs at smaller core sizes compared to iron oxide.[77] This sensitivity increase is
due to higher saturation magnetization of cobalt over iron.[78] Meng et. al. labeled NSCs with
CoPt alloy nanoparticles coated in a variety of shells to protect cells from any harmful toxicity.
CoPt particles did not hinder NSC viability, proliferation, or neuronal differentiation. They did
not test the particles in a traditional in vivo study, but labeled cells were transplanted into a spinal
cord slice culture and imaged.[79] Although a follow-up study was not found, initial testing of
these particles shows promise for further preclinical investigations. However, another study
found that Cozn ferrite (CoosZnosFe204) particles were not suitable for MR imaging compared
to their purely iron oxide ferrite counterparts due to decreased proliferation in labeled cells, as
well as inferior relaxation rates.[80] Further optimization of cobalt alloy nanoparticles will be

instrumental for determining any future utility in stem cell tracking.

3. Nuclear Medicine and Computed Tomography Imaging

Positron emission tomography (PET), single photon emission computed tomography
(SPECT), and computed tomography (CT) are three other main clinical imaging modalities.
Unlike MRI, all three techniques require some form of ionizing radiation to produce a signal. For

PET, a radiotracer CA undergoes beta decay via positron emission from the nucleus. The
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positron collides with an electron in the surrounding tissue, causing a detectable annihilation
event that releases two photons. Common organic radiotracers contain *C, *N, 0O or ‘®F.[81]
Although SPECT similarly relies on radioactive decay of a radiotracer, the difference is that the
wavelength emitted falls in the gamma region of the electromagnetic spectrum.[82] CT, on the
other hand, functions as a 3-dimensional X-ray. X-rays are emitted from the instrument itself and
are detected opposite of where they are emitted, producing an image that shows where the beams
were blocked by objects like bone.[83] For both PET and SPECT, a CA is the radiotracer itself,
whereas CT CAs are anything that block X-ray beams better than the surrounding tissue. While
the use of ionizing radiation is not ideal, these techniques are far superior to MRI in terms of
sensitivity, significantly decreasing the amount of CA required for detection.[32] Since the risk
of radiation exposure is considered low in many clinical settings when compared to the ability to
reliably diagnose cancer and other diseases, these techniques should not be excluded outright as
potential choices for stem cell tracking. However, as discussed throughout this section, careful

consideration must be given to the limitations of these techniques in long-term studies.
3.1 Molecular PET/SPECT Agents

18F s the most commonly used radioisotope for PET with a half-life around two hours.
Radioisotopes of metal ions have also gained interest in the clinic due to ideal decay lifetimes for
typical imaging needs.[84, 85] One example of this is %Ga with a half-life around one hour. A
patient injected with a ®Ga radiotracer could reasonably undergo an imaging scan within a 30
minute to one hour time frame, and within a few hours the majority of harmful ionization coming
from decay will be complete.[86] However, a short lifetime is not ideal for a stem cell tracking

study as it would be impossible to collect a longitudinal experiment once the number of



molecules emitting has fallen below the limit of detection. A summary of the radiotracers

discussed in this section can be found in Table 3.

Table 3. Molecular radiotracers for nuclear medicine imaging
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Early studies evaluated the efficacy of ®*Cu-pyruvaldehyde bis(N*- methylthiosemi
carbazone) (*Cu-PTSM) complexes with a slightly longer half-life around 13 hours.[87] These
studies revealed that stem cells were only detectable for less than one day due to rapid clearance
of the agent coupled with the still relatively short half-life.[88, 89] As a solution to this, Bansal

et. al. evaluated the tracing capability of #Zr-DBN labeled MSCs where labeling was achieved
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via direct conjugation to the cellular membrane surface.[90] 8°Zr has a half-life around 3.5 days,
an improvement from the scale of hours, but still not sufficient for weeks to months-long
studies.[91] However, signal was observed out to seven days post-injection and likely would
have been observed a few days longer if the study had continued.[90]

Radiotracers that emit gamma radiation often have longer half-lives than positron
emitters, making SPECT a potentially better methodology for stem cell tracking.[85] However,
the cost/benefit of more harmful gamma radiation must also be considered in both the short and
long terms. In, for example, has a half-life around 2.5 days. This half-life is on a similar time
scale to 8°Zr and has been used rather extensively in clinical imaging of cardiovascular diseases
(see review [92].) In is often chelated by oxyquinoline for stem cell tracking, but these
complexes are rapidly effluxed and require lipophilic delivery vehicles. As a recent solution,
Krekorian et. al. chelated In ions to poly(lactic-co-glycolic acid) (PLGA) nanoparticles and
found superior in vivo signal generation compared to traditional oxyquinoline formulations for
tracking transplanted dendritic cells.[93] While this strategy was evaluated in a model of lung

infection, it could also be applied successfully to other stem cell therapies.

5.3.2 Gold Nanoparticle Enhanced CT

While useful in shorter-term imaging studies due to excellent sensitivity, both PET and
SPECT imaging techniques ultimately fall short in terms of longitudinal imaging due to the
inevitability of radio decay past a limit of detection. Additionally, the ability to monitor specific
stem cell populations from nearby tissue is significantly limited by the poor spatial resolution
associated with PET and SPECT (1-2 mm vs 25-100 um in MRI).[32] CT is a widely used
imaging technique due to its cost effectiveness, high spatial resolution (50-200 pm), and ease of

use, with an estimated 70 million scans performed annually in the US alone. [32, 94] It is broadly
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clinically available and a promising candidate for future translation of stem cell tracking
techniques. CAs in CT function by attenuating X-ray beams. Therefore, metal ions with high
molecular mass densely packed into nanoparticle cores are the best choices for labeling stem
cells for in vivo tracking by CT.

Gold nanoparticles (AuNPs) are ideal CT contrast agents. The retention of AuNPSs
intracellularly provides an additional benefit of improvement in longitudinal imaging potential
over PET and SPECT.[94] As an example, Betzer et. al. coated AuNPs in glucose to track MSCs
in a rat model of depression. Cells were transplanted into rat brains via direct stereotaxic
injection and were detectable via CT imaging as early as 24 hours and as late as one month post-
injection. Results from a functional study revealed that behavioral signs of depression were
decreased in animals that received the AuNP labeled stem cells.[95] Ongoing work from this
group focuses on optimization of MSC labeling protocols.[6] This comprehensive study
highlights the importance of both longitudinal imaging studies and functional assays to evaluate
stem cell therapeutic efficacy. Overall, AUNP enhanced CT is valuable for stem cell tracking,
and as will be discussed in Section 5, is an ideal platform for more advanced multi-modal

strategies.

4. Optical Imaging

In contrast to PET, SPECT, and CT, optical imaging does not rely on ionizing radiation
to produce a signal.[96] It relies solely on light. Laser light is shone on tissue that contains a light
absorbing CA. The energy is absorbed into the CA, causing wavelength-dependent electronic
excitation. Fluorescent molecules relax back to their ground state via a process that releases a
photon in the ultraviolet-visible (UV-vis) spectra. The photon is thebookn detected by the

instrument by its unique wavelength.[97] Similar to PET and SPECT, the body does not contain
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many endogenous fluorophores, making background signal low and positive signal easily
detected in an optical scan. Fluorescence is also very sensitive, capable of detecting small
amounts of CA.[32] However, depth penetration through biological tissue is a majorly limiting
factor, complicating the clinical utility of optical imaging. To date, the only clinically approved
fluorescence technologies are for image-guided surgery.[98, 99] As such, fluorescent CAs are
not ideal candidates for stem cell tracking clinically, but do have utility in preclinical models
where tissues are thinner. Most fluorescence applications for stem cell therapy have been

reserved for multi-modal strategies, which we will discuss in Section 5.

4.1  Two-Photon Molecular Agents

As discussed above, the most limiting factor for optical imaging in biological systems is
highly limited depth penetration. Of all the wavelengths in the visible spectrum, lower energy red
light penetrates deepest. However, molecules that absorb red and near-IR light are less common
than absorbers of higher energy wavelengths. Two-photon absorption, or non-linear absorption,
occurs when two photons of a longer wavelength (low energy) are absorbed simultaneously to
induce electronic excitation that should only occur with a shorter wavelength (higher
energy).[100] Another advantage of two-photon CAs is reduced signal interference from the
excitation beam. The excitation wavelength is significantly shifted from the emission wavelength
and is easily filtered out in image acquisition. This technique promotes a depth penetration
greater than 500 UM, as opposed to less than 100 uM for traditional one-photon absorption.[101]

To put this into perspective, this is still only as deep as the skin on our eyelids is thick.
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Figure 2: Structure of Ir(l11)-(MDQ).acac, a molecular two-photon absorber used in stem
cell tracking. [104] Nanoparticle delivery assistance promotes imaging out to 21 days
following subcutaneous injection.

Cyclometallated Ir(I1l) complexes readily undergo two-photon absorption.[102, 103]
However, their utility in stem cell tracking has previously been further compromised by toxicity
both in vitro and in vivo.[104] To overcome this, Li et. al. formulated Ir(111)-[Bis92-methyl
dibenzo[f,h]quinoxaline)(acetylacetone)] (Ir(MDQ).acac, Figure 2) molecular two-photon
absorption CAs into a nanoparticle that would better protect the biological tissues from any
Ir(111) induced toxicity. NSCs were labeled with these agents prior to subcutaneous implantation
into the back of an athymic mouse model. While this study did not observe migration of
transplanted cells past the injection point, they successfully imaged out to 21 days with strong
signal still observed.[104] While a molecular fluorophore alone is unlikely to translate to a
clinical cell tracking study, it paves the way for promising utility of these complexes in multi-

modal agents or studies that do not require great depth penetration, like skin tissue regeneration.
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4.2 Quantum Dots

Quantum dots (QDs) are fluorescent semi-conducting nanocrystals that have modular
structure and tunable band gaps. As such, QDs can be synthesized to absorb/emit anywhere on
the UV-visible spectrum.[105] The most commonly studied QDs for cell tracking applications
contain a CdSe/ZnS core-shell structure. [106-109] While some of these studies imaged
successfully out to 8 weeks, structures containing Cd are known to be quite toxic, inhibiting their
utility in stem cell tracking beyond depth penetration considerations.[110]

As an attempt to retain the longitudinal properties of CdSe quantum dots but mitigate
unwanted toxicity, Chen et. al. synthesized Ag.S QDs and fully characterized their
biocompatibility with MSCs by assessing cytotoxicity, apoptosis induction, DNA damage, and
differentiation potential. Labeled MSCs were then transplanted into a mouse model of liver
failure via tail vein injection, where signal was observed in the liver for 30 days post-
injection.[111] This study highlights perfectly the need for tracking studies, as signal was also
observed strongly in the lungs. This is an undesired location for transplanted MSCs to locate and
would require either further optimization of transplantation protocol to avoid off-target
localization, or longer-term imaging studies to confirm that localization in the lungs is not

problematic.

5. Multi-Modal Imaging Strategies
The appeal of multi-modal imaging lies in the ability to combine the best aspects of
different imaging modalities to overcome the inherent disadvantages of each on its own. As

imaging techniques and strategies advance, this also promotes the ability to simultaneously
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monitor stem cell localization with one modality and function with another. It also presents the

opportunity to compound the benefits of both molecular and nanoparticle approaches.

5.1  Molecular MRI1/Optical Agents

The most common multi-modal strategies for preclinical stem cell tracking combine the
in vivo safety profile and depth penetration of MRI with in vivo and ex vivo validation via
fluorescence. As mentioned previously, fluorescence strategies are not well-translated into the
clinic, but are nonetheless valuable tools in preclinical investigations. Preliminary studies
evaluated the combination of non-covalently tethered Gd-DTPA and fluorescent organic
molecules. [112, 113] The main drawback of this strategy is the uncertainty that the MRI
contrast agent and fluorescent probe will remain together in the same tissue if they are not
covalently linked. One response to this was to chemically couple both Gd-DTPA and a
fluorescent dye to a silica nanoparticle, improving both cellular internalization and co-
localization confidence. [113]

A similar strategy that has gained much attention for stem cell tracking is the gadolinium-
rhodamine dextran (GRID) conjugate. Gd-DTPA and rhodamine are chemically coupled to a
dextran backbone, promoting cellular internalization and colocalization of MRI agent and
fluorophore. One of the first studies in 2002 with this conjugate labeled NSCs with GRID prior
to injection into a rat model of global ischemia. Transplanted cells were detectable out to 14 days
ex vivo. [114] In a follow-up in 2004, GRID labeled NSCs were injected directly into the brains
of rats three months following induced stroke. The cells were transplanted into the right side of

the brain, and migration to the lesion on the left side was tracked for 14 days.(Figure 3) [115]
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Figure 3: Gadolinium rhodamine dextran (GRID) utilized to track NSCs in a rat model of
stroke by Modo et. al. (A) Structure of GRID. (B) Validation of NSC labeling in vitro. (C) In
vivo tracking of NSC migration from the site of injection to the lesion site over 14 days.
NSCs indeed hone to the site of injury as visualized by MRI.[115]
While GRID showed initial promise for stem cell tracking, a chronic behavioral study in
2009 revealed that early successful tracking does not necessarily correlate to successful
therapeutic efficacy. Animals were monitored for one year post-implantation to evaluate changes
in brain lesion size over time following a stroke. The researchers found that stem cells labeled
with PKH26 red fluorescent dye reduced lesion size by approximately 35%, but lesion sizes of
GRID labeled therapies showed no significant improvement from non-treated controls. [116]
They postulate this is due to Gd(II1) toxicity associated with thermodynamic instability of Gd-
DTPA, which would be heightened by the retention of the imaging agent due to dextran

conjugation. These results further confirm the necessity of functional analysis of the actual

therapeutic component in the presence of any given imaging agent.
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Figure 4: Structure of Gadophrin-2. Two units of Gd-DTPA are conjugated to a Cu(ll)
porphyrin for dual-modal molecular MRI/optical imaging. Analysis reveals that this
conjugate has utility for short-term optimization of cellular transplantation methods. [117]

Another molecular combination of MRI and fluorescence for stem cell tracking is
Gadophrin-2, a complex that contains two linearly chelated Gd(I1) ions and a Cu(ll) porphyrin
fluorophore (Figure 4). While not tested in a disease model, peripheral blood cells were
successfully labeled with Gadophrin-2 and imaged in vivo 24 hours post-injection. The
conclusions of this study emphasize the utility of this conjugate to evaluate cellular localization
based on transplantation technique and desired localization target. [117] This analysis can be
applied to any of the aforementioned Gd-DTPA/fluorescent strategies, as both components

present complications for clinical utility. Discussion in this study raise an excellent point that
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even complications for clinical translation do not completely annihilate preclinical value. Proper

care and rigorous evaluation must be taken though, for any agents seeking to reach clinical use.
5.2  Molecular PET/MRI Agents

While seemingly an unlikely combination, a unique study performed by Lewis et. al. in
2015 sought to take advantage of divalent metal transporters (DMTSs) for the uptake of >2Mn/Mn
for dual-modal PET/MRI imaging. Specifically, NSCs were engineered to overexpress DMT-1
and directly injected into the brains of rats. [118] The premise is that the over-expression of these
ion channels would improve uptake of systemically delivered *>Mn/Mn for PET/MRI imaging
that does not require labeling of stem cells prior to injection. In this regard, the Mn agents can be
delivered multiple times throughout a longitudinal imaging study and then cleared by the body to
avoid issues associated with prolonged retention. Increased signal was observed in engineered
cells in vivo, though not reliably to the extent that was hypothesized. Additionally, the study does
not report any consideration on the impact of engineering NSCs on proliferation and
differentiation potential. [118] Follow-ups will be necessary to optimize this technique for
potential clinical translation. Initial promise of the overall idea and results do suggest this

optimization is worth pursuing.
5.3 Nanoparticle Strategies

As opposed to purely molecular strategies, the possibilities for nanoparticle-based multi-
modal CAs are almost endless. SPIOs, AuNPs, and even QDs that we have discussed previously
are modular platforms with functionalizable surfaces where any number of molecular MRI,
PET/SPECT, or optical CAs could be added to build a dual or multi-modal agent. Herein, we

will focus on a few examples of SP1O and AuNP platforms.
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SPIOs have been combined with organic fluorescent dyes to label MSCs for proof-of
concept in vivo detection, as well as in stem cell therapies following stroke and myocardial
infarction.[119-121] Similarly to the purely molecular combinations of MRI and optical imaging,
the depth penetration and excellent resolution of MRI pairs well with the sensitivity of
fluorescence. That said, negative T> contrast will always be inferior to positive Ty contrast. As we
have discussed previously, nanoparticle Ty agents are more challenging to generate. However,
one example of successfully generating a nanoparticle-based T: MRI/optical agent came as a
response to the long-term therapeutic failure of GRID-labeled stem cells. The Modo group
loaded AuNPs with Gd(111)-DOTA macrocyclic chelates chemically coupled to DNA strands.
(Figure 5) The DNA imparts stability to the AuNPs to promote cellular internalization and
retention, with Gd(I11)-DOTA providing T: MRI contrast. The DNA strands were also capped
with a Cy3 dye for dual-modal MRI/fluorescence imaging. Excellent in vivo contrast was
observed between labeled and unlabeled cells, and there was no initial evidence for hinderance
of cell functionality.[122] While the CT contrast enhancement of the AuNP was not evaluated
and a longitudinal study was not preformed, this study amplifies the benefits that multi-modal
nanoparticle strategies may exhibit over purely molecular strategies. Mainly for MRI, higher
concentrations of Gd(I11) agents are internalized, improving the overall signal enhancement and
bypassing sensitivity challenges.

CT contrast by AuNPs has shown promise as a single modality of stem cell tracking,
encouraging its utility in dual-modal formulations. Combinations of CT and optical imaging
have been explored via functionalization of AuNPs with fluorescent molecules.[123] In one
study, the near IR dye indocyanine green was loaded onto AuNPs to label MSCs for

transplantation into a model of lung injury, and cells were successfully detected out to three
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Figure 5: A dual-modal MRI/optical nanoparticle strategy for stem cell tracking. (A)
Schematic for the formulation of DNA-capped AuNPs for dual-modal MRI/optical imaging.
MRI enhancement is gained from Gd(Il11)-DOTA CAs chemically coupled to the DNA
backbone. (B) Validation of internalization in vitro via confocal microscopy. Red signal
represents endosomal located Cy3/AuNPs. (C) Contrast enhancement is observed in labeled
cells over non-labels cells at the injection site or a rat brain.[122]

weeks.[124] By histological staining, both labeled and unlabeled MSCs effectively reduced the
inflammatory response associated with the injury compared to non-treated animals. [125] This
study presents a successful example of cell labeling not compromising therapeutic efficacy, and

showcases the importance of performing these functional assays.
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6. Concluding Remarks

Stem cell therapy has emerged as a promising therapeutic strategy for regenerative
medicine where traditional drug-based therapies have been elusive. However, the future clinical
translation of stem cell therapies requires non-invasive tracking methods to evaluate the longer-
term localization and function of the implanted cells employed during preclinical and clinical
investigations. This chapter has specifically discussed tracking methods involving metal ion-
based contrast agents for MRI (Section 2), PET, SPECT, CT (Section 3), optical imaging
(section 4), and combinations of these modalities (Section 5). It is imperative when evaluating
each modality/CA pair to consider the potential influence of the agent on stem cell behavior, the
ability to perform longitudinal imaging studies, as well as the actual efficacy of the therapy.

After evaluation of the studies presented in this chapter, we conclude that for optimal
clinical translation of long-term tracking agents, MRI and CT are superior to PET, SPECT, and
optical techniques. This is primarily because PET and SPECT radiotracers are undetectable once
sufficient decay has occurred, and fluorescence imaging has very limited clinical utility due to
poor tissue penetration. However, we find that optical components of multi-modal imaging
strategies have high utility in initial preclinical investigations as they may impart sensitivity
specifically to an MRI contrast agent for localization validation. Human cells transplanted inside
the human body cannot be tracked post-transplantation with human-specific markers. Pre-
labeling the cells can distinguish transplanted cells from existing tissue.

When considering molecular vs. nanoparticle platforms, we find nanoparticle strategies to
carry many advantages. The first is the ability to incorporate multiple imaging modalities more
modularly. Molecular agents are limited by synthetic coupling needed to ensure proper co-

localization at all times. In contrast, the large surface area of nanoparticles can adsorb high
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amounts of molecular contrast agents with imaging modality that differs from the nanoparticle
itself. This allows for the conjugation of two or more imaging modalities into one system very
easily, creating an avenue for more readily incorporating activatable agents to report on
therapeutic efficacy. Nanoparticles may be further functionalized with ligands for improved
cellular internalization and retention for longitudinal imaging studies.

While it seems that the “perfect” CA for stem cell tracking is yet to be tested, there are
discrepancies across studies in the literature that make comparing previously evaluated strategies
difficult. For example, many studies do not record at what time points signal is no longer
detected in vivo. Even fewer studies performed analysis of actual stem cell therapeutic function
in the presence of metallo-contrast agents. As the field progresses and tracking strategies are
chosen for translation into clinical investigations, these analyses will be imperative.
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Appendix 2

Synthetic Efforts Towards Alkyne and Azide Modified Co(ll1)-

SB Complexes
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A2.1 An alkyne modified Co(l11)-SB

(0] (0] % N/ \N
M : :

1 2.1 3.1

- S5

Scheme A2.1: Synthesis of an alkyne modified Co(lll)-SB complex. A) Propargyl bromide,
acetone, K>COs, 55° C O/N, wintertime yield 63 + 14%, summertime yield 31 + 13%. B) 1
(1eq), ethylenediamine (1eq), CHCI3, RT for 48 hrs, 13%. C) 1. CoCl-6H20, MeOH. 2. NHz3(l),
55° C for 2hr, RT O/N, 72%. Conditions listed were ultimately found to be optimal for both
yield and purity.

3-(propargyl)penta-2,4,-dione (Compound 2.1): Acetylacetone (4.4 mL, 45 mmol) and
potassium bicarbonate (1.5g, 11 mmol) were dissolved in 100 mL of dry acetone and heated to
55° C under constant N2 gas. Propargyl bromide (1 mL of 80% in toluene, 9 mmol) was added
via syringe. The reaction was stirred under N2 at 55° C for 24 hours. The mixture was allowed to
slowly come to RT while stirring by turning off the oil bath. Once cooled, the reaction mixture

was filtered to remove undissolved potassium bicarbonate via Buchner funnel and the potassium
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carbonate was rinsed with acetone to collect any residual organics. The solvent was removed
from the filtrate via low vacuum pressure rotary evaporation. The product was purified via
column chromatography with silica gel in a 7:3 hexane/dichloromethane running buffer with 5
mL of ethyl acetate added to every 1 L of solvent prepared. The product, a yellow oil, comes off
in the final fraction of the column (MW=138.16 g/mol). Notably, this product exists both in the
diketone and mono ketone/mono enol form in solution. The following NMR data represents
peaks from the diketone and the mono enol (in blue) from this representative NMR. The majority
of NMRs collected on this product reflect a 1:0.4 ratio of diketone to the mono enol.

'HNMR (500 MHz, CDCls) 3.81 (t, 1H (b) , J=7.5 Hz), 3.07 (d, 2H (c), J=2.7 Hz), 2.65 (dd, 2H

(), J'=7.5 Hz, 3= 2.7 Hz), 2.20 (s, 6H (a)), 2.17 (s, 6H (a/b)), 1.99 (t, 2H, (d/d) J=2.5 Hz ).
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Interestingly, this reaction produces significantly different results in yield depending upon the
season in which the reaction is performed. This is likely attributed to differences in humidity,
which suggests that water significantly reduces the reaction process.

3-(E-1-((2-((E-4-oxopentan-2-ylidine)amino)ethyl)imino)ethyl)hex-5-yn-2-one (3-propargyl-
acacen, Compound 3.1): Ethylenediamine (0.40 mL, 6 mmol) was dissolved in 25 mL of
chloroform (not dried) in a 250 mL round bottom flask with a stir bar. Acetylacetone (0.565 mL,
5.5 mmol) was dissolved in 25 mL of chloroform in a dropper funnel. Acetylacetone was
dropped slowly into ethylenediamine and then stirred for 4 hours. Compound 2.1 was dissolved
in 5 mL of chloroform in the same dropper funnel and added dropwise to the reaction mixture.

The resulting mixture was left to stir for 48 hours. Chloroform was removed via low pressure
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rotary evaporation and the product was purified via column chromatography in 1%

MeOH/DCM. (MW= 262.33 g/mol).

OH HO
a b \\
i k

IHNMR (500 MHz CDCls) 12.10 (s, 1H) 10.88 (s, 1H) 4.99 (s, 1H) 3.45 (m, 4H) 3.10 (d, 2H,
J=2.2 Hz) 2.23 (s, 3H) 2.06 (s, 3H) 2.0 (s, 3H) 1.98 (t, 1H, J=2.6 Hz) 1.91 (s, 3H)

Letters represent most likely assignments
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ESI-MS m/z C1sH22N202 [M+Na]*: 285.16 found 285.055 [2M+Na]*: 547.33 found 547.304
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While column chromatography in 1%MeOH/DCM proved effective for purification,
recrystallizations were also attempted. After rotary evaporation, minimal boiling water was used
to dissolve the product. Upon rapid cooling in an ice bat, the disubstituted propargyl acacen
product crashed out of solution. When the filtrate was left at 4°C overnight, a minimal amount of
monosubstituted product 3.1 was recovered. These recrystallization could be further explored for
purification.

For future improvement of this reaction, it would be recommended to explore bone dry
chloroform as a solvent. As water is produced throughout the reaction, it is likely that excess
water present in the reaction mixture may prevent complete conversion to the desired product.
[Co(l11)(3-Propargyl-acacen)(NHs)2]*Cl- (Complex 4.1): Compound 3.1 (33 mg, 0.126 mmol)

was dissolved in 1 mL of methanol in a 5 mL round bottom flask with a stir bar under N2 gas.
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Cobalt(ll) chloride hexahydrate (16.3 mg, 0.126 mmol) was dissolved in 1 mL of methanol and
added to the vessel via syringe. The resulting mixture was stirred at room temperature for 15
minutes with continuous N> atmosphere. The mixture was exposed to air, heated to 55° C, and
liquid ammonia (75 pL 0f 7N, 0.504 mmol) was added. The mixture stirred exposed to air for 2
hours before heat was removed and allowed to cool and react overnight. After at least 12 hours,
the mixture was transferred to a 50 mL conical tube and diluted to 50 mL with diethyl ether
slowly. The tube was centrifuged for 10 minutes to pellet the product before decanting over a
Buchner funnel, washed with diethyl ether, and dried. (MW=388.78)

ESI-MS m/z C15H20CoN202 [M-CI-2NHs]*: 319.09. Found 319.06.

A2.2 Efforts towards an azide modified acetylacetone for click chemistry

0] 0] 0] O

1 22 g, 32 Dy,

Scheme A2.2: Synthesis of an azide modified acetylacetone. A) 1,3-dibrompropane, K>COsg,
DMF, 50° C 24 hours, 24% yield. B) NaN3, DMSO, 24 hours. Was not purified for yield
calculations.

3-(2-bromopropyl)penta-2,4-dione (Compound 2.2): Dry potassium bicarbonate (1.5g, 11
mmol) weas suspended in 150 mL of dry dimethyl formalin and heated to 50°C with a stir bar

under N> atmosphere. Acetylacetone (1.14 mL, 10.86 mmol) was added via syringe. Once
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heated, 1,3-dibromopropane (1.21 mL, 11.95 mmol) was added via syringe. The reaction
proceeded under N2 for 24 hours. To extract, 100mL of brine was added before extracting 5x 50
mL in diethyl ether. The resulting extract was washed with brine and dried over MgSO4 for 30
minutes, filtered and ether was removed under low vacuum rotary evaporation. The resulting
crude yellow oil was purified via column chromatography in 20% ethylacetate/80% hexanes.
The desired product is the first to elute. (MW=221.09 g/mol). ESI data represents co-eluted

products of the desired product and one of the potential side products.

Potential biproduct A  Potential Biproduct B
(0] (0] O (0]

|

MW of both=140.08
IHNMR (500 MHz, CDCl3) 3.98 (t, 2H, J=5.2 Hz) 2.32 (t, 2H, J=6.6 Hz) 2.16 (d, 6H, J=5 Hz)
1.84 (m, 2H, J=6 Hz)

Impurities are observed at 3.89 (t, J=5.8 Hz) 3.49 (t, J=6.34 Hz) 2.24 (s) 2.13

13CNMR (500 MHz, CDCls) 198.96, 164.52, 100.93, 66.34, 29.38, 22.49, 21.62, 90.92

The presence of 8 main peaks in >*CNMR suggests that the product is primarily in the mono enol
form. This is corroborated by the presence of only 4 main peaks in the *tHNMR, as a peak for the
1H in the alpha position is not found.

ESI-MS m/z CgH13"°BrO, [M+H]: 221.01 found 220.794 CgH13®'BrO, [M+H]: 223.0 found

222.796
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3-(2-aizidopropyl)penta-2,4-dione (Compound 3.2): Compound 2.2 (230 mg, 1 mmol) and
sodium azide (230 mg, 3 mmol) were dissolved in 15 mL of dimethylsulfoxide at room
temperature and stirred for 24 hours. 20 mL of water was added, and the product was extracted
in diethylether. Column conditions could not be found to separate the desired product from side
products, and MS data represent the crude mixture. (MW=183.10)

Extra Notes: Compound 2.2 was also used to attempt condensation reactions with ethylene
diamine. Regardless of solvent and time, condensation with an intact bromine was never
observed. For this strategy to ultimately be successful, the bromine will have to be substituted

prior to condensation.
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A.3 Efforts towards an alcohol-modification for functionalization

OH

Scheme A.3: Route 1 for an alcohol appended acac molecule. A) Benzyl-3-bromopropylether,
K2CO3, DMF, 50° C 90% yield. B) Attempted hydrogenolysis with Pd/C with both N2 gas and
triethylsilane as Hz sources. No deprotection was observed.
3-(3-(benzyloxy)propyl)penta-2,4-dione (Compound 2.3): In a small round bottom flask,
potassium bicarbonate (60 mg) was dissolved in 5 mL of DMF. The solution was heated to 50° C
under N2 atmosphere. Acetylacetone (45 pL, 0.436 mmol) was added via syringe. After 20
minutes, benzyl-3-bromopropylether (77 pL, 0.436 mmol) was added to the yellow solution via
syringe and the resulting brown reaction mixture was stirred under N2 atmosphere for 24 hours.
Heat was removed and the reaction cooled slowly to room temperature. 50 mL of brine was
added to dilute the DMF and the product was readily extracted x2 with 50 mL of diethylether.
The organic layers were collected, washed with brine, and dried over MgSOs. Ether was
removed via low vacuum rotary evaporation. (MW=248.14 g/mol)
3-(3-hydroxypropyl)penta-2,4-dione (Compound 3.3): The crude product 2.3 was dissolved in
10 mL of methanol and one small scoop of Pd/C was added. The reaction mixture was purged
with N2 gas for 5 minutes, purged with Hz gas for 5 minutes, and held under H> pressure for 24
hours. After 24 hours, conversion was not observed and the mixture was purged again with H»

and held under constant H» pressure for 4 days. Conversion was still not observed.
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As a final attempt, the mixture was purged with N2 for 20 minutes before triethylsilane

(700uL) was added as an in-situ hydrogen source. After 24 hours, conversion was still not
observed.

While this strategy was worthy to explore, substitution of azide from a halide will result

in fewer synthetic steps and more synthetic feasibility. That is the recommended strategy for

future exploration of an azide modified Co(l11)-SB complex.
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Appendix 3

Synthesis of Co(l11)-DNA Complexes
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Scheme 3.1: Synthesis of CoGli. a) ICL, NaN3 CH3CN, 83%. b) NaNs, DMF, 55 °C, 76%. c) 1.
H2, Pd/C, MeOH, 67%. 2. 2, 4-pentadione, MeOH/EtOH (2:3), 0 °C, 9.8%. D) 1. CoCl2-6H20,
MeOH. 2. NHs (l) 99%. e) 1. NHS, DCC, DMF. 2. 5'-amino-modified Gli ssDNA (5’-amino-
(CH2)e-C*T*A*CTGGGTGGTC*T*C*T-3"), 100 mM MES, pH 6.0. 3. Complementary Gli
ssDNA (3’-G*A*T*GACCCACCAG*A*G*A-5"). For CoGliF, complementary Gli ssDNA is
modified at the 5° end with AlexaFluor488.

6-azido-7-iodoheptanoic acid (Compound 2): lodinemonochloride (0.74 mL, 14.8 mmol) was
diluted in 15 mL of acetonitrile and added dropwise via addition funnel to a suspension of

sodium azide (1.9 g, 29.5 mmol) in 10 mL of acetonitrile with stirring at 0 °C. The resulting
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solution is a dark orange. Once addition is complete, the reaction is warmed slowly to room
temperature by allowing the ice bath to slowly melt. Dissolved in 5 mL of acetonitrile, 6-
heptenoic acid (1.0 mL, 7.38 mL) is added dropwise via addition funnel. Reaction completion
was determined via TLC analysis. Water was added to dilute the reaction mixture, and the
aqueous layer was extracted with diethyl ether. The combined organic layers were washed with
5% (wi/v) sodium thiosulfate until the color disappears from the organic and aqueous layer. The
organic layer was decanted, dried over magnesium sulfate, and concentrated under reduced
pressure. The product was purified via flash chromatography in 2:3 ethylacetate:hexanes to give
a pale yellow oil (MW=296.09 g/mol). *H NMR (600 MHz, CDCls) & 3.41 (dd, J = 10.6, 16.5,
1H), 3.26 (d, J = 5.7, 2H), 2.40 (t, 2H), 1.83-1.37 (m, 6H). 3°C NMR (151 MHz, CDCl3) &
179.62, 62.45, 34.12, 33.73, 25.26, 24.17, 8.21. Analysis calculated (Anal. Calcd.) for compound
2: C, 28.30; H, 4.07; N, 14.14. Found: C, 28.43; H, 4.12; N, 14.80.(1)
6,7-diazidoheptanoic acid (Compound 3): Sodium azide (1.95 g, 30 mmol) and compound 2
(1.776 g, 6.0 mmol) were stirred in 15 mL of N’N’-dimethylformamide at 55 °C overnight. The
organic layer was diluted with water and extracted with diethylether. The organic layers were
washed with brine, dried over magnesium sulfate, and concentrated under reduced pressure. The
crude product was not purified further, and gave a light yellow oil (MW=211.20 g/mol). 'H
NMR (500 MHz, CDCl3) & 3.61-3.23 (m, 3H), 2.40 (t, J= 7.0, 2H), 1.77-1.36 (m, 6H). 3C
NMR (126 MHz, CDCI3) & 179.36, 61.79, 54.80, 33.64, 31.45, 25.33, 24.24. Electrospray
ionization mass spectrometry (ESI-MS) (m/z) C7H12N2O2 [M-H]™: Calc. 211.0960, found
211.09504.(1)
6,7-Bis(2-Imino-4-Oxopentyl)Heptanoic Acid (Compound 4): Compound 3 (0.993 g, 4.7

mmol) was dissolved in 50 mL of methanol and purged with nitrogen gas before adding
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palladium on carbon (10% by weight). A full balloon filled with hydrogen gas was purged
through the reaction mixture before leaving the mixture under hydrogen pressure overnight.
Reaction progress was monitored via TLC in 5% methanol in dichloromethane and stained by
ninhydrin. The mixture was filtered over celite to remove palladium on carbon and concentrated
under reduced pressure. (MW= 160.21 g/mol). Without further purification, the diamine (0.6148
g, 4.01 mmol) was dissolved in 10 mL 2:3 methanol to ethanol and added dropwise to a solution
of 2,4-pentadione (0.824 mL, 8.02 mmol) in 10 mL 2:3 methanol to ethanol at 0 °C. The corn
yellow reaction mixture was then warmed slowly to room temperature by allowing the ice bath
to melt. The product is concentrated under reduced pressure to give a yellow solid. The crude
material is recrystallized in hot toluene to give a white solid (MW= 324.2 g/mol). *H NMR (600
MHz, CDCls) 6 11.00 (s, 1H), 10.89 (d, J = 10.1, 1H), 4.97 (s, 1H), 4.95 (s, 1H), 3.61 (bs, 1H),
3.36-3.26 (M, 2H), 2.34 (dd, J = 7.0, 13.9, 2H), 2.00 (s, 6H), 1.87 (d, J = 15.1, 6H), 1.70-1.37
(m, 6H). 3C NMR (151 MHz, CDCls) § 195.36, 195.26, 176.16, 163.77, 163.48, 96.11, 96.02,
54.29, 48.70, 33.72, 33.02, 28.71, 28.64, 25.29, 24.49, 19.05, 18.75. ESI-MS (m/z)
C17H27N204 [M-H]: Calc. 323.1976, found 323.19764. Anal. Calcd. for compound 4: C, 62.94;
H, 8.70; N, 8.64. Found: C, 63.12; H, 8.67; N, 8.53.(1)

[Co(ll)(Heptanoic Acido)(Acacen)(NHz3)2]*CI~ [Co(lll)-sb]: Compound 4 (0.128 ¢, 0.4
mmol) was combined with cobalt(ll) chloride hexahydrate (0.13 g, 0.47 mmol) in 10 mL of
methanol and purged with nitrogen gas for 15 minutes. The reaction mixture was raised to 55 °C
and stirred for 30 minutes. A solution of 7N NHsz (1 mL, 1 mmol), was added and the mixture
was stirred for another 2 hours. The mixture was opened to air and stirred overnight at RT. The
resulting mixture was concentrated under reduced pressure to give a brown solid. (MW=381.12

g/mol). ESI-MS (m/z) C17H2sCoN204 [M-2NHz]*: 381.12. found 381.16.
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CoGili: In a DNA low-bind Eppendorf tube, Co(l11)-Sb (25 mg, ), N-hydroxysuccinimide (69.4
mg, ), and N, N’-dicyclohexylcarbodiimide (40.8 mg, ) were dissolved in 1 mL of dry DMF and
vortexed until all solids dissolved. The Eppendorf was turned end-over-end for two hours before
500 pL were split into another low-bind tube. To each tube, 675 puL of MES buffer were added
along with 5’-amino modified Gli ssDNA (125 nmol) before turning end-over/end overnight.
The tubes were then centrifuged to remove urea-biproduct solids. The supernatant was removed
and recombined into a 15 mL centrifuge tube. The urea biproduct solids in the eppendorfs were
resuspended with 200 pL of UltraPure water and washed by centrifugation. The supernatant
from the wash was also added to the 15 mL centrifuge tube before centrifugation to remove any
remaining solids. The final supernatant was transferred to a 50 mL centrifuge tube and
concentrated under reduced pressure on a Schelnk line. Once dry, the product was dissolved in
7.5 mL of sterilized UltraPure water and combined with complementary Gli ssSDNA (250 nmol).
The mixture was heated at 95 °C for 3.5 minutes before transferring to an enclosed, insulated
Styrofoam block for slow cooling overnight. The solution was freeze-dried and resuspended in 2
mL of MES buffer for purification via NAP25 size exclusion chromatography. After running
through two columns, fractions were analyzed for DNA concentration by UV-Visible

Spectroscopy and for Cobalt concentration by ICP-MS.
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Appendix 4

Cell Culture Protocols
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ASZ Cells

Making Media

Ingredients
e 1 full M154CF (calcium free) base
e 10 mL chelexed FBS
e 5mL pen/step
e 125pL CaCly
Add to top of filtration system, pull through w/vacuum. Label with name, media type,

cell type, ingredients, and date.

*For serum free media, follow same recipe without FBS

Thawing

Pre-warm media in water bath

Remove cells from cane and mark it on the spreadsheet. Thaw by rubbing with 2 hands
In the hood, add 4 mL of media to a sterile T25 flask (25 cm?)

Add 1 mL of cells to the flask and rock to disperse. Label flask with passage number

Incubate, swap media the next morning

Splitting from T25

Pre-warm media in water bath

Aspirate off media. Wash x1 with DPBS and aspirate it off. Wash once more with DPBS,
and incubate for 10 minutes at 37°C. Aspirate.

Add 1 mL of Trypsin and rock to cover surface. Let incubate at least 10 minutes, more if

necessary. Make sure cells are completely detached.
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Add 4 mL of media and pipette up and down, making sure cell chunks are suspended
well. Transfer to 15 mL conical tube.
Centrifuge at 200 rcf for 10 minutes. Aspirate carefully.
Add 5mL of media to new sterile T75 flask.
Resuspend cells in 5 mL of media. Pipette up and down to fully resuspend

Add cell suspension to T75. Incubate.

Splitting from T75

Same procedure as above, but :
o Use 2 mL of trypsin
o when adding to new T75, use appropriate volumes of media and cell suspension
for the desired split ratio. (Remember: a 1:10 split means taking 1/10 of the
previous cell number and passaging them forward.) Total media volume should be
between 10-12 mL.

o Typically best split is a 1:5 for 2-3 days until the next split
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C3H/10Tu2 Cells
Making Media
Ingredients
e 1 full BME base
e 50 mL of FBS
e 5mL L-Glu (2mM conc.)
Add ingredients to filtration system and pull through with vacuum in the hood. Label
with name, media type, cell type, ingredients, and date.
*For serum free media, follow same recipe without FBS
Thawing
e Remove cells from cane (mark on spreadsheet) and thaw in hand.
« Inthe hood, add 9 mL of media to a sterile T75 flask.
e Add I mL of cells to T75 and rock to distribute. Label dish with passage number
e Incubate, swap media next morning.
Splitting Cells must be split prior to reaching 70% confluency to maintain stemness
o Aspirate off media.
e Wash x1 with DPBS
e Add 1 mL Trypsin and incubate for about 5 minutes at 37°C. Check to make sure cells
have detached.
e Add 5 mL of media. Use to wash bottom of plate, and pipette cells up and down to
suspend homogeneously.
o Add appropriate amount of media and cell suspension to a new sterile T75 flask for

desired split. 1:10 is typically ideal
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J2 Fibroblast cells
Making Media
Ingredients
o 1full D5671 base
e 50 mL of normal calf serum (NCS)
e 10mL L-Glu
e 100 pL gentamicin and 500 pL amphotericin B antibiotics
:Label with name, media type, cell type, ingredients, and date.
Thawing
e Remove cells from cryofreezer and thaw in hand.
« Inthe hood, add 9 mL of media to a sterile 100 cm? cell culture dish.
e Add 1-2 mL of cells to dish and rock to distribute. Label dish with passage number.
e Incubate, swap media next morning.
Splitting Cells must be split prior to reaching 70% confluency to maintain identity
o Aspirate off media. Wash x1 with DPBS
e Add 1 mL Trypsin and incubate for 4-5 minutes at room temp. Check to make sure cells
have detached.
e Add 5 mL of media. Use to wash bottom of plate, and pipette cells up and down to
suspend homogeneously.
o Centrifuge at 200 rcf for 10 minutes. Aspirate carefully.
e Add 10mL of media to new sterile culture dish.
e Resuspend cells in 5 mL of media. Pipette up and down to fully resuspend

e Split to desired ratio
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Normal human primary keratinocytes (NHEKS)
Making Media
Ingredients
e 1 full M154CF (calcium free) base
e 1 human keratinocyte growth serum kit (5 mL)
e 100 pL gentamicin and 500 pL amphotericin B antibiotics
o 175 pL CaClz
Label with name, mark as “complete” and label date
Thawing
e Remove cells from cryofreezer and thaw in hand.
« Inthe hood, add 9 mL of media to a sterile 100 cm? cell culture dish.
e Add 1-2 mL of cells to dish and rock to distribute. Label dish with passage number and
days since isolation
e Incubate, swap media next morning.
Splitting Cells cannot be used passed passage 4 day 21 since isolation
e Pre-warm media in water bath
o Aspirate off media. Wash x1 with DPBS and aspirate it off.
e Add 2 mL of Trypsin. Let 7 minutes. Make sure cells are completely detached.
e Add 4 mL of media and pipette up and down, making sure cell chunks are suspended
well. Transfer to 15 mL conical tube.
o Centrifuge at 200 rcf for 10 minutes. Aspirate carefully.
e Add 10 mL of media to new sterile culture dish

e Resuspend cells in 5 mL of media. Split to desired ratio
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Appendix 5

Antibody Information and gPCR Primer Sequences



Table A5.1: Primary Antibody Information
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Name Clone Dilution Factor Company
K10 EP1607IHCY 1:500 Abcam
K16 LLO25 1:200 Neomgrkers (Santa Cruz
Biotechnology)
K17 D12E5 1:200 Cell Signaling
pan-ECAD 24E10 1:100 Cell Signaling
HECD-1 1:100
4B2 (lot .
DSG1 WL34 4%36)7 A 1:50 Invitrogen
DSC1 1:100
Ki67 8D5 1:2000 Cell Signaling
FLG Poly19058 1:100 Biolegend
pan-Laminin | NB 300-144 1:100 Novus Biologicals

Table AS.2: qPCR

rimer sequences from 5°> 3’

Transcript Fwd/Rev Sequence
RPLPO F CAGATTGGCTACCCAACTGTT
R GGGAAGGTGTAATCCGTCTCC
mRDI19 F GAAGGTCAAAGGGAATGTGTTCAA
P R TTTCGTGCTTCCTTGGTCTTAGA
KRT10 F TTCAGCGGCGGCTCTTTTAG
R GTCTCCTCCGAATCCACCA
KRT16 F TCCTGAATGAGATGCGTGACCAGT
R GCTGTTGGAGGCCACTTCTTTGTT
KRT17 F GTGGGTGGTGAGATCAATGT
R CGGTTCTTCTCTGCCATCTT
KRT75 F ACCGAGAGGGGCAGGCTTGAAG
R GAGTGGATGAAGTTGATCTCCTCGGG
DSG1 F TCCATAGTTGATCGAGAGGTCAC
R CTGCGTCAGTAGCATTGAGTATC
DSC1 F GTCAGAGACGGGAACAACAAG
R CCCAACGAGTTCTCCATCAATG
CDH1 F GTCATTGAGCCTGGCAATTTAG
R GTTGAGACTCCTCCATTCCTTC
FLG F AATACGGTCAGGACACCATTC
R CCTGAGTGTCCAGAGCTATCTA
F AGCTAGAGTCCAGAGGTTCAA
GLI1 R

TAGACAGAGGTTGGGAGGTAAG
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HHIP F GTCATGGAGGTGTCTGTGTAG
R GTCACTCTGCGGATGTTTCT
msGlil F ACCACCCTACCTCTGTCTATTTC
R TTCAGACCATTGCCCATCAC
. F CCTGCTACTGTCTCACCTAAAC
msHhip R

GGAGAAGGAGTTGGAAGAAGAG

All sequences were purchased from Integrated DNA Technologies and dissolved at 100 uM for

long term storage. Primer mixes (Fwd + Rev) were made at concentrations of 10 uM of each

primer (10 pL of fwd + 10 pL of rev + 80 puL of water).
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