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ABSTRACT

Calcitriol is an essential Vitamin that has been extensively studied due to its
potential role as therapeutic for many diseases, including breast cancer. Previous
research has indicated that Calcitriol has a negative effect against the metastasizing
ability of Inflammatory Breast Cancer (IBC) cells. Calcitriol bound QDs are a novel
probe that can be used to examine the distribution of Calcitriol in vitro and in vivo.
They were used to examine Calcitriol’s mode of entry into these cells. Their use as a
probe has been achieved by examining the uptake of Calcitriol bound QDs into IBC
cells, which decreases when either caveolae or clathrin mediated endocytosis is
disrupted. The probe was also used to examine colocalization, which was found
between caveolae and CalQDs, but not between clathrin and CalQDs. This indicated
that while clathrin mediated endocytosis is necessary for Calcitriol to have a normal
level of uptake, Calcitriol enters IBC cells via caveolae and not clathrin coated pits.
CalQDs were also used for the formation of an in vivo probe that may target CalQDs
to IBC cells in order to enhance Calcitriol’s potential ability to work as a therapeutic.
CalQDs were directly targeted to IBC cells by conjugating the SM3 clone of Mucin-1
antibodies with Calcitriol bound QDs. In this study, Calcitriol bound QDs were used
as both a probe and to create a potential therapeutic that could be explored for use

against IBC metastasis.



Chapter 1

INTRODUCTION

1.1 Calcitriol (1, 25 Dihydroxyvitamin D3)

Calcitriol is a seco-steroid with three free hydroxyl groups. It is the active form
of Vitamin D essential in many biological processes. Vitamin D is required for
biological processes such as calcium and phosphate homeostasis, neuromuscular
function, and inflammation of tissue [2]. On the cellular level it regulates multiple
functions such as inhibition of cell growth, insulin secretion, and immune function [2].
Calcitriol mediates its biological effects in tissues positive for the Vitamin D Receptor
(VDR) that are mostly found in organs such as the kidney, bone, intestine, or
parathyroid gland [3].

Only 10% of the serum concentration of Vitamin D3 is taken in from diet,
while the remaining 90% is synthesized from 7-dehydrocholesterol to a precursor of
Vitamin D3 due to exposure to UVB radiation on the skin [3, 4] (Figure 1.1).
Isomerization causes the precursor to be converted to Vitamin D3, otherwise known as

cholecalcioferol. Vitamin D3 binds to carrier proteins, which in most cases is Vitamin



D-binding protein (DBP), which allows the Vitamin to be hydrophilic for its transfer
to the liver. In the liver, Vitamin D3 is enzymatically hydroxylated to
25-hydroxyvitamin D, otherwise known as Calcidiol. 25-hydroxyvitamin D is bound
to a carrier protein, such as DBP and is then transported to the kidneys where the final
hydroxylation takes place that allows the formation of 1,25-dihydroxyvitamin D3, or
Calcitriol. As an active form of Vitamin D, Calcitriol, is able to mediate its biological
effects in the kidney, or be transported attached to a carrier protein, such as DBP to the
bone, intestine, or parathyroid gland to induce its effects there.

Calcitriol induces its effects through its involvement and regulation of multiple
signaling pathways [3, 5, 6]. It can signal by inducing transcription at the nucleus or
via rapid non-genomic pathways in the cytoplasm [3] (Figure 1.2). For signaling to
occur in the nucleus, after Calcitriol enters the cell, the VDR is induced to translocate
to the cytoplasm where it binds to Calcitriol [3] (Figure 1.2). The binding causes VDR
to be phosphorylated, allowing a 9-cis-retinoid X receptor (RXR) to form a
heterodimer with it [3] (Figure 1.2). Before binding to VDR, the RXR activity is
enhanced by beta-arrestin-2 [7] (Figure 1.2). Beta arrestins are signaling scaffolds for
downstream MAPK signaling, but also link receptors to clathrin mediated
endocytsosis [8]. Beta-arrestin acts as an adapter to receptors and clathrin coated pits
by binding to ap-2 in clathrin coated pits [7] (Figure 1.2). After the RXR is fully active
and bound to VDR, the heterodimer translocates to the nucleus [3, 9] (Figure 1.2).
There it acts as a transcription factor by binding to Vitamin D Response Elements

(VDRE) [3, 10-12] (Figure 1.2). The activated VDRE either promote or prevent the



transcription of downstream proteins [10, 12]. Additionally, Calcitriol initiates non
genomic signaling such as calcium uptake [5, 6]. Calcitriol enters the cell and binds to
the membrane-associated rapid response steroid- binding receptor (MARRS), which

mediates the non-genomic signaling at the membrane [5, 6].

1.2 Calcitriol 1, 25 Dihydroxyvitamin D3 and its Potential use as a Therapeutic
Agent

Low serum levels of Vitamin D have been linked to increased risk from
cancer, diabetes, hypertension, multiple sclerosis, osteoporosis, and other diseases [13-
15]. Vitamin D deficiency can be linked to increased mortality in diseases, such as
with the increase in mortality rate observed with colon cancer and cardiovascular
disease [13]. Low Vitamin D levels can also be a major cause of the disease, such as
Rickets and other bone diseases for which Vitamin D treatment is commonly used as a
therapeutic [16]. Clinical trials have explored the use of Calcitriol and Calcitriol
analogs in breast, prostate, and colon cancer [17]. In the clinical trials with prostate
cancer, there was a significant decrease in PSA with high levels (2-2.5ug daily) of
Calcitriol treatment, but the affect against the disease was very small for the large risk
of hypercalcemia [17]. Calcitriol analog was used as a treatment for breast and colon
cancer, but the disease was stabilized in only a small percentage of treated patients
[17].

Healthy serum levels of Calcitriol are below 50 pg/ml, which is 0.12 nM [18].

Serum levels higher than this may result in hypercalcemia [19]. A dose of 0.25 pg of



Calcitriol can be taken safely daily as a treatment, while higher doses of 0.5 pg can
lead to hypercalcemia [19]. Targeting Calcitriol directly to cancer sites could
potentially increase its ability to treat cancer at small doses, while avoiding

hypercalcemia.

1.3 Calcitriol and Inflammatory Breast Cancer

1.3.1 Inflammatory Breast Cancer

Although only 5 percent of breast cancer cases are inflammatory, with its
aggressive nature and high mortality rate, Inflammatory Breast Cancer (IBC) is the
most severe form of breast cancer [20]. Even with multimodal treatment only 40
percent of those treated with combined chemotherapy, radiation, and surgery survive
past five years [20]. The symptoms first appear as inflammatory skin changes, or
erythema on one or both breasts along with swelling of the affected breast [20, 21].
The symptoms can also include edema resulting from IBC tumors blocking the
draining of the lymphatic channels [20, 21]. Because of its symptoms, IBC is often
misdiagnosed as a dermal infection, such as mastitis, often resulting in delayed
treatment.

IBC has a younger age of onset than other breast cancers with an average age
of diagnosis at 55 years of age [21]. Both pre- and postmenopausal women are

susceptible. Obese women with higher BMI and African Americans have an increased



risk of contracting IBC. African Americans tend to be diagnosed at a much younger
age with the average at only 48 years old, and have higher mortality rates with
decreased survival times.

Most IBC tumors are triple negative, meaning that they do not express the
Estrogen, Progesterone, and HER-2 receptors [21]. Unlike most metastatic tumors,
they overexpress E-cadherin, rather than a loss in expression. This allows the cells to
pile up into large emboli and metastasize into the lymphatic spaces. Treatments that
prevent cell migration and break up or prevent the formation of emboli could be an

effective treatment against IBC.

1.3.2 Inflammatory Breast Cancer and Calcitriol

Due to its potential as a therapeutic in other breast cancers, Calcitriol was
explored by Hillyer, Sirinvasin, Joglekar, Sikes, Van Golen, and Nohe as a possible
treatment against IBC [17, 22]. It had significant effects against IBC cell metastasis
both in vitro and in vivo [22]. They tested a triple negative IBC cell line Sum149
against a non-inflammatory triple negative control, the MDA-MB-231 cell line [22].
They found that 100 nM Calcitriol had significant effects against the migration and
invasion of SUM149 cell line, while not any significant effect against the non-
inflammatory MDA-MB-231 cell line [22]. It also decreased the size of SUM149

emboli as compared to the non-treated control [22]. When nude immune deficient



mice were injected with SUM149 cells, those mice with cells treated with 100 nM

Calcitriol before injection had less tumors metastasize to the lung [22].

1.4 Quantum Dots as a Probe

The distribution of Calcitriol in the organs and its signaling pathways have so
far been examined indirectly, due the difficulty in producing antibodies against
Calcitriol or developing a stable and biologically active fluorescently tagged probe.
Since Calcitriol is a seco-steroid, it cannot be synthesized with Green fluorescent
protein (GFP) tags in the cell. Therefore, most research has examined Calcitriol’s
location within cells indirectly by labeling associated proteins. Radio-labeling of
hormones has been used to examine hormones directly, but it is expensive and
requires the use of specialized equipment and large sample sizes [23]. Moreover,
radio-labeled probes cannot be used for real time imaging. Recent labeling of
Calcitriol with fluorescent BODIPY has several disadvantages, such as a high
susceptibility to photobleaching and the stability of the complex has not been clearly
defined through experimentation [23]. Quantum Dots (QDs) are semiconductor
nanoparticles that are fluorescent under UV light [24]. Their high photo stability,
brightness, and narrow range of emission make them desirable for imaging on a
fluorescent microscope [24-26]. The use of nanoparticles synthetized in a variety of
sizes and shapes made it possible by the development of advanced chemistry and the

controlled synthesis of semiconductor QDs. The biofuntionalized particles have



surface chemistries that are compatible with the aqueous environment of living cells.
Therefore, it is possible to track their movement and interactions with specific
molecular targets in the cell membrane, cytoplasm and nucleus. These specialized
imaging tools can be used to probe cell signaling pathways and detect cellular
responses to signals [27]. The toxicity of QDs depends on their stability and coating
[28]. If the QD degrades, then the cadmium core can be toxic. However if the coating
is non-toxic and the QD is stable, then the QDs have a greatly decreased toxicity. The
QDs used in this study have a cadmium selenide core with a zinc sulfide shell,
however they are coated with non-toxic polymer carboxyl groups. According to the

manufacturer, the toxicity of these particular QDs has not been confirmed in vivo.

1.5 Calcitriol bound Quantum Dots

Our previous research found that Calcitriol could be conjugated to QDs to
develop a biological active fluorescent Calctriol probe (CalQDs) [1]. Using Fourier
Transform Infrared Spectroscopy (FTIR), it was shown that Calcitriol remained
coupled to QDs for three days at 4°C and 20°C, and for two days at 37°C [1]. This
confirmed that they could remain stable for in vitro experiments performed at lower
temperatures, such as examining low temperature uptake and signaling and also at
biologically relevant temperatures in vitro and in vivo. Atomic Force Microscopy
(AFM) was used to show that the QDs do not aggregate for two days at 37°C [1]. The

uptake of CalQDs was examined in mouse myoblast cells (C2C12). When added to



C2C12 cells, the probe entered the cell within 2 hours [1]. CalQDs have been
specifically shown to be biologically active in its ability to signal Vitamin D Response
Elements (VDRE) [1]. With Calcitriol bound QDs confirmed as a viable tool in live
cell imaging, they can be used to view Calcitriol localization and dynamics, including
its entry into the cell and nucleus.

QDs are conjugated to Calcitriol through an esterfication reaction between a
hydroxyl group on Calcitriol and a carboxyl group on the coating of the QDs. DMSO
is used as a solvent and N,N’-Dicyclohexylcarbodiimide (DCC) is used as a linker
agent [1]. DCC can activate the carboxyl groups through an electrophilic substitution
at the oxygen in the carboxyl group after the carboxyl group is deprotonated. The
central carbon atom of DCC acts as a strong electrophile for the nucleophilic oxygen
in the carboxyl group. This results in an ester bond between the carboxyl group and
DCC, forming the intermediate O-acyl isourea. The nucleophilic oxygen in the
hydroxyl group in Calcitriol attacks the intermediate at the carbonyl group, forming an
ester bond between the hydroxyl group and the carboxyl group and the solute

dicyclohexylurea.

1.5.1 Stability of Calcitriol bound QDs

FTIR was used to analyze the successful conjugation [1]. Due to low sample

concentrations (nM range) reflectance spectra were collected using a FTIR



microscope. When Calcitriol is conjugated to QDs, a hydroxyl group from Calcitriol
and a carboxyl group from QDs form an ester bond (Figure 1.3). This chemical
formation can be observed through FTIR, through the loss of the carboxyl stretch
absorbance peak at 1566 cm™ seen in the spectra of QDs (Figure 1.4D). Also, both
hydroxyl groups at the la and 3P position on a cyclohexane within the chemical are
free when Calcitriol is not conjugated with QDs. In the FT-IR spectrum of 1,3-
cylcohexanediol, an absorbance peak is found at 1710 cm™ [29]. This peak does not
occur on the FTIR spectrum of cyclohexanol, a substance with only one hydroxyl
group [30]. This indicates that the loss of a free hydroxyl groups results in the loss of
the peak at 1710 cm™. All spectra have an absorbance peak around 1650 cm™ from the
C=C alkene stretch. So, Calcitriol has two absorbance peaks centered at 1710 cm™
and at 1654 cm™ from the two hydroxyl groups and the alkene stretch (Figure 1.4C)
and QDs has two absorbance peaks centered at 1642 cm™ and at 1566 cm™ from the
alkene stretch and the carboxyl stretch (Figure 1.4D). When Calcitriol is conjugated to
QDs, this is indicated on FTIR spectra by the loss of both the peak at 1710 cm™ from
the loss of a hydroxyl group and the peak at 1566 cm™ from the carboxy! stretch. Due
to size exclusion chromatography, unbound Calcitriol and QDs manufactured without
the addition of DCC are samples of unbound QDs with two absorbance peaks; one at
1649 cm™ from the alkene stretch and the other at 1562 cm™ from the carboxyl stretch
(Figure 1.4B). When conjugated with the proper procedure, Calcitriol bound QDs

display only a single peak at 1657 cm™ from the C=C alkene stretch (Figure 1.3A).



Hence, FTIR results indicate that the procedure reported induces binding of Calcitriol
to carboxyl coated QDs.

A stable complex of Calcitriol bound QDs is necessary for sufficient time for
visualization with fluorescence microscopy. The stability of the conjugation between
Calcitriol and QDs was measured using FTIR [1]. Samples were stored at 4°C, 20°C,
and 37°C for three days. When the binding between Calcitriol and QDs dissociated,
the ester bond was broken. When this occurs, the IR spectra the single peak found at
1649 cm™ reverted back to the double peak with one peak at 1541 cm™ and a second
peak at 1647 cm™. Calcitriol bound QDs stored at 4°C and 20°C had spectra with a
single peak with a frequency varying from 1649 to 1655 cm™, which indicated that the
binding is still stable for at least 72 hours (Figures 1.5.1 and 1.5.11). At 24 and 36
hours, Calcitriol coupled QDs stored at 37°C remained stable with a single peak at
1649 cm™ (Figures 1.5.111.A and 1.5.111.B). However, at 72 hours, the IR-spectrum for
Calcitriol coupled QDs stored at 37°C degraded to a double peak at with one peak at
1541 cm™ and a second peak at 1647 cm™ (Figure 1.5.111.C). Therefore, Calcitriol
bound QDs remain stable at 20°C and 4°C for at least three days, and at 37°C they

remain bound for two days.

1.5.2 Biological Activity of Calcitriol bound QDs

For Calcitriol bound QDs to be a viable probe, the ester bond formed must

occur at a hydroxyl group on Calcitriol that allows retention of biological activity.
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Binding to the la group on Calcitriol has been shown to negatively impact biological
activity, while binding to the 3p hydroxyl does not result in a significant loss of
biological activity [23]. Binding of Calcitriol to Vitamin D Response Elements
(VDRE) in the nucleus is the end point of the Calcitriol signaling in the nucleus.
Reporter gene assays with the use of the VDRE element were used to measure
activation of this signaling pathway [1]. Calcitriol binds to the transfected plasmids
containing VDRE and luciferase, resulting in the transcription and translation of the
reporter, luciferase. The amount of luciferase transcribed is equivalent to biological
activity. The VDRE stimulated luciferase activity was normalized to PRL-luc
stimulated luciferase activity, which is expressed an equivalent amount in all
transfected cells, so it reflects the number of transfected cells. Calcitriol bound QDs
show an amount of activity similar to cells stimulated with Calcitriol (Figure 1.6A and
1.6B). The activity was less with cells stimulated with QDs than with Calcitriol bound
QDs and Calcitriol alone as a positive control (Figure 1.6A and 1.6B). This
demonstrated that Calcitriol bound QDs induce more biological activity than QDs, and

about the same biological activity as Calcitriol.

1.5.3 Uptake of Calcitriol bound QDs into Live Cells

Calcitriol is known to accumulate in the nucleus of cells to exert its genetic

effects. To test the biological activity and the entrance of Calcitriol conjugated QDs

into the cell, we used confocal microscopy [1]. After addition of Calcitriol bound QDs
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to C2C12 cells for 2h, a z-stack was collected using the Zeiss Live 5 confocal
microscope. Figure 1.7 shows representative projection images and image slices
through C2C12 cells treated with Calcitriol bound QDs (CalQDs) at 0 and 2 hours.
These images showed a high concentration of the fluorescent complex (Figure 1.7C).
Cells treated with control QDs synthesized without Calcitriol (ConQDs) and untreated
cells did not have significant green fluorescence (Figure 1.7B and 1.7A). These
experiments confirm that the Calcitriol bound QDs enter C2C12 cells by 2 hours and
that cells incubated with the control QDs show no significant uptake of them in the
cytoplasm or nucleus. This indicates that the probe is stable and viable in vitro, and

therefore not an observation of QD uptake, but of CalQD uptake.

1.5.4 Size of Calcitriol bound QDs

One problem with QDs as imaging tools is their time dependent aggregation
and formation of large clusters rendering the fluorescent probe inactive. Therefore we
investigated if the Calcitriol bound QDs aggregate over time [1]. The size of control
QDs at day 0 and for Calcitriol bound QDs stored for three days at 37°C was
measured using Atomic Force Microscopy (AFM). Twenty-five nanoparticles from
each sample were randomly selected and measured from the height channel denoting
diameter of each particle. The control QDs from day 0 are 10.32 nm in diameter
(Figure 1.8). At Day 1 and 2 the Calcitriol bound QDs stored at 37°C have a slightly

larger diameter due to the calcitriol coating, with 16.82 and 12.78 nm in diameter
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respectively (Figure 1.8). However at Day 3, the Calcitriol bound QDs have
aggregated to a size of 71.6 nm in diameter resulting in loss of biological functionality
(Figure 1.8). This shows that CalQDs do not aggregate for two days when stored at

37°C.

1.6 Caveolae and Clathrin Mediated Endocytosis

It is generally thought that as a hydrophobic molecule, Calcitriol enters the cell
by diffusing through the membrane and that its free form in serum is the active form
that is uptaken. This is known as the free hormone hypothesis [31]. However, in
circulation, Calcitriol is mostly bound to the DBP, which is hydrophilic [31].
Potential receptors have been identified for DBP on macrophages, neutrophils, and
trophoblasts, which uptake Calcitriol [31]. This indicates that the DBP bound
Calcitriol binds to receptors on the membrane of these cells. Since not many studies
have observed Calcitriol directly, its uptake into the cell has not been examined
closely. It is possible that it may enter the cell through endocytosis, while remaining
bound to the Vitamin D binding protein (DBP). Other steroids, such as Estrogen,
Testosterone, Androgen, and 25-Hydroxyvitamin D3 have been demonstrated to have
an endocytotic mechanism for uptake, which violates the free hormone hypothesis
[31]. Research indicates that the membrane receptor megalin is involved in the uptake
of Androgen, Estrogen, and 25-Hydroxyvitamin D3 by binding to their carrier

proteins, which is sex hormone-binding globulin (SHBG) for Estrogen and Androgen
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and DBP for 25-Hydroxyvitamin D3 [31]. Evidence also indicates that testosterone
bound to SHBG is uptaken via endocytosis in the principal cells of the epididymis
[31]. If other steroids enter cells via endocytosis, it is possible that Calcitriol uses a

similar mechanism. It could enter cells via caveolae or clathrin mediated endocytosis.

1.6.1 Caveolae

Caveolae are invaginations in the plasma membrane that are involved with
endocytosis and cell signaling [32]. Caveolae are made up of three structural proteins
caveolin-1, 2, and 3 [33]. The caveolins bind to membrane domains heavy with
sphingolipids and cholesterol [33]. Caveolae can bind to ligands, which can trigger
them to pinch off by dynamin and be internalized into the cytoplasm [32, 33]. They
are involved in cell signaling by acting as a scaffolding domain in the cytoplasm [34].
Caveolin-1 (CAV-1) is essential to the structure and function of caveolae, so its
downregulation via siRNA against CAV-1 results in less caveolae. Loss of cholesterol

through methyl-B cyclodextrin also disrupts caveolae [35].

1.6.1.1 VDR-GFP Colocalization with Caveolae

VDR colocalizes with caveolae when CAV-1 is stimulated with Calcitriol in

skeletal muscle cells [36, 37]. Treatment with Calcitriol results in the translocation of

VDR from the nucleus to the caveolae signaling scaffold where Src is located. The
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colocalization of VDR allows Src downstream signaling. Since Calcitriol may be a
ligand for CAV-1 and triggers VDR translocation to the caveolae, it is possible that it

could also be internalized through receptor mediated endocytosis.

1.6.1.2 Caveolae and Cancer

There is a link between caveolae expression and cancer severity [38].
However, the significance of this correlation greatly varies by the type of cancer and
even by cell type. Caveolae expression can act as a tumor suppressor or ocnogene
depending on cell type [38].

For example in head and neck cell squamous cell carcinomas CAV-1
overexpression results in increased lymph node metastases [39]. It also results in
increased prostate cancer tumor progression and metastasis, since treatment with
SiRNA against CAV-1 decreases androgen expression [40]. Treatment with SiRNA
against CAV-1 can also decrease the proliferation of metastatic lung cancer cells [38].
However, high expression of CAV-1 is an indicator of increased survival in patients
with prostate and breast melanoma [41].

While CAV-1 expression is not found in normal epithelial cells from breast
tissue, it can sometimes be found in invasive breast cancer tissue. For example, it was
found in 30% of invasive breast carcinoma and 13.4% of invasive breast cancer cases
[42]. CAV-1 was associated with the expression of basal markers, high histological

grade, and negative expression of steroid hormone receptors [42]. However, its
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expression in stromal cells in breast cancer patients appears in less severe cases and in
some cases high levels resulted in less metastasis [42]. A possible determination of
whether increased or decreased CAV-1 expression is correlated with increased patient
prognosis may be whether the cell line has epithelial or mesenchymal markers. Tumor
cell types that have characteristics similar to epithelial cells tend to have decreased
CAV-1 expression, while mesenchymal like cells tend to overexpress CAV-1 [43].
Since CAV-1 expression can have a major effect on the ability of cancer cells
to proliferate and metastasize, it could possibly affect a treatment’s ability to act
against a particular cancerous cell type. For example, over-expression of CAV-1 may
impact the ability of Calcitriol to treat a particular cell type, such as its impact against
the over-expressing SUM149 cells, when contrasted against the effect it has against

MD-MBA-231 cells, which do not over-express CAV-1 [44].

1.6.2 Clathrin Coated Pits

Clathrin coated pits are buds on the membrane involved in endocytosis.
Clathrin monomers are essential to holding the structure of the pit together [45].
Clathrin coated pits are formed when Eps15 recruits AP-2 to the membrane, which is
an adapter protein that binds to cargo. When enough cargo binds, the clathrin coated
pit forms to allow endocytosis of the cargo. Eps-15-EH29 is a dominant negative form
of Eps-15, which when transfected prevents the formation of clathrin coated pits, since

functional Eps-15 is required to recruit AP-2 [46]. Methyl-B cyclodextrin also disrupts
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clathrin coated pits, by removing cholesterol from the cell membrane [35]. Clathrin
coated pits are also involved in downstream signaling pathways. For example, when
receptors in clathrin coated pits bind to ligands and are activated, they can enhance the
activity of beta-arrestin-2, which can increase RXR activity [7, 8]. RXR is required for
Calcitriol to translocate to the nucleus, so disruption of clathrin coated pits could

prevent nuclear uptake of Calcitriol [3].

1.6.2.1 Megalin Endocytosis of 25 Hydroxyvitamin D3

25-Hydroxyvitamin D3 is the precursor to lalpha, 25-Dihydroxyvitamin D3
(Calcitriol). It is converted from the precursor in the proximal tubule cells of the
kidney. While general dogma states that Vitamin D as a hydrophobic steroid should
diffuse right through the membrane, 25-Hydroxyvitamin D3 actually enters the
proximal tubule cells via endocytosis through clathrin coated pits [47].

25-Hydroxyvitamin D3 remains bound to DBP, which binds to megalin or
cubilin receptors allowing the endocytosis of the compound. DBP is degraded in the
lysosome and then 25-Hydroxyvitamin D3 is converted to Calcitriol [47].

With a similar structure to its precursor, it is possible that Calcitriol also enters
cells via an endocytotic mechanism. Calcitriol may enter through clathrin coated pits

like its precursor, but it may enter via alternative mechanisms, such as caveolae.
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1.6.3 Calcitriol bound QDs as a Probe to Determine Endocytosis

Since the uptake of Calcitriol into cells can be visualized via Calcitriol bound
QDs, they can be used as a probe to examine the entry of Calcitriol into the cell.
Decreased uptake when disrupting endocytotic pathways is an indicator that

endocytosis is necessary for Calcitriol’s mode of entry.

1.7 Calcitriol bound Quantum Dots targeted Directly to Inflammatory Breast
Cancer Cells with Mucin-1 Antibodies

Mucin-1 (MUC1) is a glycoprotein that is expressed apically on the surface of
epithelial cells [48]. The amount of O-linked glycosylation on MUC-1 often decreases
in epithelial carcinomas such as breast and prostate as they increase in the severity of
the metastasis [48, 49]. This characteristic allows it to be a target for cancer therapy.
Antibodies against the underglycosylated form are used for this effect. The SM3 clone
of MUCL1 is a monoclonal antibody that is particularly good at targeting the
hypoglycosylated MUC1 on breast carcinomas, while not targeting to normal breast
tissue [49]. The HMPV clone of MUC-1 is a monoclonal antibody that can be used as
a positive control since it targets all forms of MUC-1 [50]. Antibodies have been
successfully conjugated to QDs with functional targeting ability [51]. In order to have
a sufficient concentration of Calcitriol in vivo at the IBC tumor site, it is necessary to
directly target Calcitriol to the tumor. Calcitriol bound QDs conjugated with SM3

antibodies would allow the treatment to be concentrated at the tumor site.
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Figure 1.1 Metabolism of Calcitriol from 7-Dehydrocholesterol. UVB radiation
on the skin synthesizes pre-vitaminD3 from 7-dehydrocholesterol.
Isomerization causes the precursor to be converted to Vitamin D3.
Vitamin D3 binds to the Vitamin D-binding protein (DBP), which
allow the Vitamin to be hydrophilic for its transfer to the liver. In the
liver, Vitamin D3 is enzymatically hydroxylated to 25-
hydroxyvitamin D. 25-hydroxyvitamin D is bound to DBP and is
then transported to the kidneys where the final hydroxylation takes
place that allows the formation of 1,25-dihydroxyvitamin D3, or
Calcitriol. Picture adapted from [4].
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Figure 1.2 Calcitriol Signaling Pathways. With a signaling pathway leading to
downstream gene transcription and repression, after Calcitriol (Cal)
enters the cell, the Vitamin D Receptor (VDR) is induced to
translocate to the cytoplasm where it binds to Calcitriol. Before
binding to VDR, the RXR activity is enhanced by beta-arrestin-2.
Beta-arrestin acts as an adapter to receptors and clathrin coated pits
by binding to ap-2 in clathrin coated pits. The retinoid X receptor
(RXR) then forms a heterodimer with VDR after being activated.
The heterodimer translocates to the nucleus where it acts as a
transcription factor by binding to Vitamin D Response Elements
(VDRE). With rapid response signaling in the cytoplasm, Calcitriol
interacts with the membrane associated rapid response steroid
binding protein (MARRS).
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Figure 1.3 The chemical structures showing the conjugation of Calcitriol bound
QDs is displayed. Below the frequencies for the major FTIR
absorbance peaks for the spectra are displayed for Calcitriol, QDs,
and Calcitriol bound QDs. Published in [1].
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Figure 1.4 FTIR Spectra of Calcitriol bound QDs, Unbound Calcitriol and QDs,
Calcitriol, and QDs. Graphs A-D depicts the IR spectra of the
samples from 3600-900 cm™. Graphs A.1-D.1 shows the IR spectra of
the samples from 1800-1500 cm™ where the indication of successful
binding of Calcitriol to QDs, a single peak at 1650 cm™ instead of a
double peak at 1650 and 1550 cm™ occurs. Spectra A and A.1 show
the IR spectra of Calcitriol bound QDs. These samples were
prepared with QDs, Calcitriol, and DCC. Spectra B and B.1 shows a
sample prepared with QDs and Calcitriol without the necessary
binding agent DCC. Spectra C and C.1 shows an IR spectra of the
Calcitriol. Spectra D and D.1 shows an IR spectra of the QDs. Black
arrows depict the single peak indicative of a successful conjugation
of QDs to Calcitriol. A red arrow depicts the double peak indicative
of unbound QDs and Calcitriol. Published in [1].
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Figure 1.5 FTIR Spectra of Calcitriol bound QDs over 3 Days at 4°C, 20°C, and
37°C. Graphs A-C depicts the IR spectra of the samples from 3600-
900 cm™. Graphs A.1-C.1 shows the IR spectra of the samples from
1800-1500 cm™ where the indication of successful binding of
Calcitriol to QDs, a single peak at 1650 cm™ instead of a double peak
at 1650 and 1550 cm™ occurs. All the graphs depict IR spectrum of
samples that originally prepared from QDs, Calcitriol, and DCC that
were placed at 4°C for section I, 20°C for section 11, and 37°C for
section 111 after a successful binding. Spectra A and A.1 shows the IR
spectra at Day 1. Spectra B and B.1 shows the IR spectra at Day 2.
Spectra C and C.1 shows the IR spectra at Day 3. A red arrow
depicts the double peak indicative of unbound QDs and Calcitriol.
Published in [1].
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Figure 1.6 Reporter gene assay showing biological activity of 1 nM and 5 nM
Calcitriol, QDs, and Calcitriol bound QDs. The normalized reporter
values of luciferase activity are shown with the standard error of the
mean. Graph A shows the reporter values for C2C12 cells treated
with 1 nM treatments. Graph B shows the reporter values for cells
treated with 5 nM treatments. QDs represents the reporter values for
cells treated with QDs. Calcitriol represents the reporter values for
cells treated with Calcitriol. CalQDs represents the reporter values
for cells treated with Calcitriol bound QDs. Published in [1].
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Figure 1.7 Confocal images of live C2C12 cells subjected to Calcitriol bound
QDs or an unbound QD as control. Our data shows that Calcitriol
bound QDs enter the cell and nucleus by 2 Hours. Projection images
and slices were formatted in ImageJ imported into Corel PHOTO-
PAINT X4. Z-stacks taken using the Zeiss LSM 510 VIS Confocal
are displayed. A-C are projection images, while A.1-C.1 are slices
taken vertically through the cell using Volume Viewer plug-in in
ImageJ, displaying a side-view of the cell. Image A of the cells was
left untreated and is labeled as 0 Hour. The cells treated with
control QDs for 2 hours are displayed at image B. The cells treated
with 1 nM Calcitriol bound QDs for 2 hours is displayed at image C.
QDs is abbreviated for the 1 nM control QD treatment and CalQDs
for the 1 nM Calcitriol bound QD. In the figure, the green denotes
the QDs and Calcitriol bound QDs, the red denotes the membrane
stain FM4-64, and the blue shows the nucleus stain Hoechst. White
arrows depict the location of high concentrations of Calcitriol bound
QDs. Published in [1].
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Figure 1.8

Atomic force microscopy (AFM) was used to measure height of
ControlQDs at day 0 and Calcitriol bound QDs that had been stored
at 37°C over three days. CalQDs is abbreviated for Calcitriol bound
QDs. Representative AFM images of each day were displayed
starting on the day of Calcitriol bound QD synthesis (Day 0). B
shows the average size of 25 randomly selected nanoparticles. The
error bars display the S.E.M. * Significant compared to control QDs
and Calcitriol bound QDs at Day 1 and 2, p<.01 as determined by
ANOVA followed by Tukey’s HSD post hoc test. Published in [1].
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Chapter 2

HYPOTHESIS AND AIMS

Hypothesis 1: Calcitriol bound Quantum Dots can be used as an imaging probe
in vitro to better characterize the effect of Calcitriol on inflammatory breast
cancer cells

Aim 1: Determine if Calcitriol enters inflammatory breast cancer cells via
endocytosis through caveolae or clathrin coated pits

Aim 2: Determine if Calcitriol is biologically active in inflammatory breast
cancer cells in the absence of caveolae or clathrin coated pits

Aim 3: Determine if there is Colocalization between Caveolae and

Calcitriol and between Clathrin Coated Pits and Calcitriol.

Hypothesis 2: Calcitriol bound Quantum Dots can be used as treatment for
inflammatory breast cancer via direct targeting through conjugation with SM3
Mucin-1 antibodies

Aim 1: Demonstrate that SM3 Mucin-1 Calcitriol bound Quantum Dots

are specifically targeted to Sum149 cells in vitro
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Aim 2: Demonstrate that HMPV Mucin-1 Calcitriol bound Quantum Dots

are specifically targeted to inflammatory breast cancer tumors in vivo
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Chapter 3

MATERIALS AND METHODS

3.1 Cell Culture

C2C12 (ATCC Manassas, VA) mouse myoblast cell lines are grown with
DMEM media with 10% FBS, 1% L-Glutamine (Fisher Scientific, Pittsburg, PA), and
1% Penicillin/Streptomycin (100 1U/ml Penicillin, 100 pg/ml Streptomycin, Fisher
Scientific, Pittsburg, PA) at 37°C and 5% CO,.

SUM149 IBC cell lines are grown with Ham’s F12 media with 5% FBS, 1%
L-Glutamine (Fisher Scientific, Pittsburg, PA), .01% Hydrocortisone (Sigma-Aldrich,
St. Louis, MO), 1% Antibiotic/Antimycotic (Gemini Bio-products, West Sacramento,
CA) , 1% ITS Cocktail (Thermo Scientific HyClone, South Logan, UT), and 1%
Penicillin/Streptomycin (100 1U/ml Penicillin, 100 pg/ml Streptomycin, Fisher

Scientific, Pittsburg, PA) at 37°C and 5% CO,.
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3.2 Conjugation of Calcitriol to Quantum Dots

Qdot® 525 ITK™, Qdot® 605 ITK™, Qdot® 655 ITK™, and Qdot® 800
ITK™ and carboxyl quantum dots (QDs) were purchased from Invitrogen, Carlsbad,
CA, 8 uM). Calcitriol was obtained from (Cayman Chemical Co., Ann Arbor, MI)
dissolved in dimethylsulfoxide (DMSO, Fisher Scientific, Pittsburg, PA) to yield a 5
mM stock solution. N,N’-Dicyclohexylcarbodiimide (DCC, AnaSpec, Inc., Freemont,
CA), was prepared in DMSO fresh as a 17 mM stock solution.

In order to conjugate Calcitriol to QDs, a 800 nM solution of QDs in PBS (pH
7.2) and 100 pM Calcitriol were mixed in a total volume of 50 pl of DMSO. 340 uM
of DCC in DMSO was added to initiate the coupling process. As a control, unbound
QDs, Calcitriol and DCC were mixed in the absence of Calcitriol. When additionally
conjugated with antibodies, 50 uM of Calcitriol and 50 uM of SM3 Mucin-1 anti-
human mouse antibody (eBioscience Inc., San Diego, CA) or HMPV Mucin-1 anti-
human mouse antibody (BD Biosciences, San Jose, CA) are added in place of 100 uM
Calcitriol. The reaction was carried out at room temperature for 30 minutes and excess
DCC was removed by adding 100 pl of PBS. Separation of calcitriol linked QDs from
unspecific reactants was achieved by size exclusion chromatography using Sephadex

G-50 (Pharmacia Fine Chemicals St. Louis, MO) and sterile water.
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3.3 Transfections

Cells were grown to 95% confluency before replacing media with media
lacking serum (FBS). After 18 hours serum starvation, the media was changed to
normal media and they were transfected or moch transfected with 2 pg of VDRE-luc
(Promega, Madison, Wisconsin) and PRL-luc (Promega, Madison, Wisconsin) for
reporter gene assays using Turbofect (Fermentas, Glen Burnie, ML) according to the
manufacturers protocol. Some groups would be transfected with 2 ug of caveolin-
1BGFP (CAV-1GFP), VDR-GFP, caveolin-1laRFP (CAV-1RFP), clathrinRFP,
clathrinGFP, Eps15-EH29, or 10 pl siRNA against caveolin-1 (CAV-1) (Santa Cruz
Biotechnology, Santa Cruz, CA) per 1.5 ml media. After four to six hours of
transfection, the media is changed. Some groups are then treated with 5 nM methyl-B
cycoldextrin (MBCD). After 24 hours the cells were stimulated with Calcitriol bound
QDs, Calcitriol (Cayman Chemical Co. Ann Arbor, MI), or Control QDs (Invitrogen,

Carlsbad, CA).

3.4 Reporter Gene Assay

After 24 hours after stimulation, cells were lysed with 1X Passive Lysis Buffer
(Biotium, Hayward, CA). reporter gene assay was performed using the Firefly &
Renilla Luciferase Assay Kit (30005-2) (Biotium, Hayward, CA). Luciferase activity

was measured in triplicate using the MicroLumat LB 96P plate reader. Luminocity
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values were calculated by averaging the three trials with the three triplicates, and

normalizing to a non-stimulated control.

3.5 Live Cell Imaging

Cells were plated onto glass bottom dishes and grown to 95% confluency at
37°C and 5% CO,; for two days. Cells were treated with 1 nM or 3 nM Calcitriol
bound QDs (CalQDs) prepared as stated previously 2 hours before imaging. As a
control, QDs not coated with Calcitriol were used (ConQDs). Some cell dishes were
left untreated as the control. 20 minutes before imaging cells were stained with 20 uM
of Hoechst 33342 (Thermo Scientific, West Palm Beach, FL) fluorescent nucleus
stain. Directly before imaging, those cells not transfected with CAV-1GFP or VDR-
GFP were stained with 158 uM Fm4-64 (Invitrogen, Carlsbad, CA) membrane stain.
Images were taken using lasers of 405 nm wavelength for the Hoechst stain and 488
nm for the FM 464 stain and the green QDs or using lasers of 405 nm wavelength for
the Hoechst stain, 488 nm for green CAV-1GFP or VDR-GFP, or 560 nm for the
Infrared QDs, CAV-1RFP, and clathrinRFP. They were then imaged on the Zeiss
LSM 510 Live5 Confocal Microscope and z-stacks of healthy cells were performed.
Cells with good membrane and nucleus stains that best represent what was generally

seen for each treatment were selected.
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3.6 3D Imaging and Measurements

In LSM Image Examiner, selected z-stacks were made into projection images
with all image slices put together into one image. ImageJ was used to create image
slices of the selected z-stacks and to adjust the brightness and contrast of the images.
A plug-in for ImageJ called Volume Viewer was used to create vertical image slices
showing the side views of selected cells. The maximum and minimum displayed
values of the channels were altered to better visualize the cells. The image slices were
formatted in Coral PHOTO-PAINT X4 with an adjustment to the tone curve to
enhance the brightness and contrast of the channels. The channel displaying QDs was
set at a level to better display the difference between ConQD and CalQD treatments,
so that ConQDs were set to show a very low intensity. The channel adjustments were
kept constant for each figure, with the exception of the green CAV-1GFP channel of
the CAV-1+siRNACAV-1+CalQDs in Figure 4.4A.2, which was adjusted to be 5X
brighter so that the caveolae structure would be visible.

The z-stacks were put into Volocity 5.5, where they were made into three
dimensional projection images with all image slices put together into one image.
Volocity 5.5 was used to measure the mean pixel intensity of the CalQDs in the
cytoplasm, which was calculated by subtracting the darkfeild from the mean
intensities. Cytoplasmic and nuclear auto-fluorescence was subtracted from the green
intensity values with the green 525 nm QDs (Invitrogen, Carlsbad, CA) and

cytoplasmic and nuclear cross-talk from the green channel was subtracted from the red
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channel with the red 655 nm QDs (Invitrogen, Carlsbad, CA). The control treatments
with no QDs were set at zero by subtracting their mean intensity from each treatment.
Correlation and Colocalization was measured using the colocalization program
in Volocity 5.5. Cells were selected and automatic thresholding was performed using
the technique developed by Costes, Daelemans, Cho, Dobbin, Pavlakis, and Lockett
[52]. Pearson’s Correlation and Overlap Coefficient according to Mander’s (M1 and
M2) coefficients were measured. Background correlation and colocalization was
subtracted from the measurements between VDR-GFP and CAV-1RFP and between

VDR-GFP and clathrin-RFP.

3.7 QD Standard Curve of QDs on the IVIS Lumina

100 pl of QDs at 525 nm, 605 nm, 655 nm, and 800 nm at varying
concentrations were placed in microcentrifuge tubes under the Vivo Vision IVIS
Lumina (Xenogen) and imaged for 1 minute with small binning and a fluorescent
Fstop of 4. They were imaged with the GFP/ICG emission excitation filters for 800
nm, the GFP/Dsred for 605 nm and 655 nm, and the GFP/GFP for 525 nm. ImageJ
was used to measure the values of the pixels in the images taken, which was given as

the intensity of the QDs.
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3.8 Injection of CalQDs into Nude Mice with IBC tumors.

Nineteen 13-16 week old female Nude Immune Deficient Mice (Nu/nu)
(Charles River, Wilmington, MA) were injected subdermally with SUM149 cells.
After 6 weeks when tumors were visible, mice were tail vain injected with Infrared
800 nm 100 pl 40 nM Control QDs synthesized without Calcitriol, SM3 conjugated
Calcitriol bound QDs, or Calcitriol bound QD. The synthesized particles were diluted
with 10% 10x PBS and sterile water. Mice were imaged on the Vivo Vision IVIS
Lumina (Xenogen) for 3 minutes with small binning and a fluorescent Fstop of 1 with
the GFP/ICG emission excitation filters once a day for 3 days, then sacrificed on day
4. The liver, kidney, spleen, lungs, and tumors were isolated and imaged on the IVIS
Lumina. Images were adjusted for brightness and contrast in ImageJ. The mean
fluorescent pixel intensity of lungs and spleen was measured using the histogram

function in ImageJ.
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Chapter 4

RESULTS

4.1 Hypothesis 1 Calcitriol bound Quantum Dots can be used as an imaging
probe in vitro to better characterize the effect of Calcitriol on inflammatory
breast cancer cells

This study used three different treatments to disrupt caveolae and clathrin
coated pits. Caveolae are specifically disrupted with the transfection of a plasmid
encoding siRNA against caveolin-1 (SiRNACAV-1), since caveolin-1 (CAV-1) is
essential to the structure and function of caveolae. The formation of clathrin coated
pits are specifically disrupted by the transfection of a plasmid expressing Eps-15-
EH29 (EH29), a dominant negative form of Eps-15, since Eps-15 is only involved
with clathrin coated pits, and functional Eps-15 is required to recruit AP-2 [46].
Caveolae and clathrin coated pits are both disrupted by the addition of methyl-B
cyclodextrin (MBCD) to the cell media, which causes the removal of cholesterol from

the membrane of cells [35].
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4.1.1 Aim 1: Determine if Calcitriol enters inflammatory breast cancer cells via
endocytosis through caveolae or clathrin coated pits

4.1.1.1 Calcitriol bound QDs are Taken up into the Cytoplasm by Two Hours

This study was done to determine where CalQDs are localized in the ccell,
whether in the cytoplasm or nucleus, at 2 and 4 hours after the addition of CalQDs.
This allows the selection of a time point that can be used to successfully observe
CalQD uptake after treatment against endocytosis. In C2C12 mouse myoblast cells,
CalQDs mean intensity was significantly greater in the cytoplasm at 2 hours and 4
hours as compared to at O hours, and there was a significantly higher intensity at 2
hours as compared to 4 hours (Figure 4.1A). This indicates that Calcitriol is
significantly uptaken into cytoplasm of the cell by 2 hours, but is at a lower
concentration in the cytoplasm by 4 hours. By 2 hours, the CalQDs mean intensity was
significantly greater in the nucleus as compared to at O hours, but the intensity is
significantly higher in the nucleus at 4 hours than at 2 hours (Figure 4.1B). This
indicates that Calcitriol is significantly uptaken into nucleus of the cell by 2 hours, but
is at a higher concentration in the nucleus at 4 hours. These results indicate that at 2
and 4 hour time points, Calcitriol has a higher concentration in the cytoplasm at 2
hours, and higher concentration in the nucleus at 4 hours. Since Calcitriol is generally

located in the cytoplasm 2 hours after its addition, to determine the effect a treatment
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has on Calcitriol uptake in the cytoplasm, observing the intensity of CalQDs at 2 hours

is more effective than at 4 hours.

4.1.1.2 Expression of CAV-1GFP in SUM149 cells is Decreased when Treated
with siRNA against Caveolin-1

This experiment was done to confirm the ability of SIRNACAV-1 to
knockdown the expression of CAV-1, which should specifically disrupt caveolae.
When siRNACAV-1 was transfected in addition to a plasmid encoding CAV-1GFP,
the mean intensity of CAV-1GFP was significantly less in SUM149 cells than the
control cells transfected with CAV-1 alone (Figure 4.2). This demonstrates that the
SIRNACAV-1 treatment is successful in decreasing the expression of CAV-1. The
EH29 and MBCD treatment did not show any significant difference in mean CAV-1
intensity compared to the control cells transfected with CAV-1 alone. Since EH29 and
MBCD treatments do not function to affect the expression of CAV-1, but affect
clathrin coated pits or disrupt caveolae structure, they did not have an effect on CAV-1

expression.
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4.1.1.3 Calcitriol bound QD Uptake in SUM149 cells after Treatments against
Caveolae and Clathrin Coated Pits is Decreased

This study was done to determine the role of endocytosis in Calcitriol uptake.
Uptake of CalQDs into the cell was examined after disruption of caveolae and clathrin
mediated endocytosis.

To successfully observe CalQD uptake in SUM149 cells, there must be
significant difference in uptake of CalQDs compared to control ConQDs that are QDs
not bound to Calcitriol. When SUM149 cells transfected with a plasmid CAV-1GFP
were treated with CalQDs, there was a significantly higher mean intensity of CalQDs
in the cytoplasm and nucleus compared to the intensity of cells treated with ConQDs
(Figure 4.3). When the cells were only transfected with a control, there was a
significantly higher mean intensity of CalQDs in the cytoplasm and nucleus as
compared to the intensity of cells treated with ConQDs (Figure 4.3). These results
indicate that CalQDs are uptaken significantly more than ConQDs in SUM149 cells
non-transfected or transfected with CAV-1GFP, demonstrating that CalQDs are
specifically uptaken, behaving differently from QDs alone. Therefore, CalQD
treatment can be used to examine Calcitriol uptake when endocytosis is disrupted.

This experiment was done to observe CalQD uptake into cells when caveolae
mediated endocytosis is disrupted by sSiRNACAV-1. When SUM149 cells transfected
with CAV-1GFP were additionally transfected with sSiRNA against CAV-1 and treated

with CalQDs, there was a significantly lower mean intensity of CalQDs in the
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cytoplasm and nucleus of the cells when compared to the intensity in the cells of the
CAV-1GFP CalQD treated group (Figure 4.4). This indicates that treatment with
SIRNACAV-1 decreases the uptake of CalQDs in the cytoplasm and nucleus.
Therefore, caveolae function is necessary for Calcitriol uptake into the cytoplasm and
nucleus.

This experiment was done to observe CalQD uptake into cells when clathrin
mediated endocytosis is disrupted by EH29. When SUM149 cells transfected with
CAV-1GFP were additionally transfected with eps-15-EH29 and treated with CalQDs,
there was a significantly lower mean intensity of CalQDs in the cytoplasm and nucleus
of the cells when compared to the intensity in the cells of the CAV-1GFP CalQD
treated group (Figure 4.5). This indicates that treatment with EH29 decreases the
uptake of CalQDs in the cytoplasm and nucleus. Therefore, clathrin coated pit
function is necessary for Calcitriol uptake into the cytoplasm and nucleus.

This experiment was done to observe CalQD uptake into cells when both
caveolae and clathrin mediated endocytosis is disrupted by MBCD. When SUM149
cells transfected with CAV-1GFP were additionally treated with MBCD and CalQDs,
there was a significantly lower mean intensity of CalQDs in the cytoplasm and nucleus
of the cells when compared to the intensity in the cells of the CAV-1GFP CalQD
treated group (Figure 4.6). This indicates that treatment with MBCD decreases the

uptake of CalQDs in the cytoplasm and nucleus. This confirms that both caveolae and
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clathrin coated pit function is necessary for Calcitriol uptake into the cytoplasm and
nucleus.

With all the treatments against caveolae and clathrin coated pits there was no
significant difference in QD intensity between the treated groups with CalQD
treatment and the untreated groups with ConQD treatment (Figures 4.4-4.6). This
indicates that the treatments cause a close to complete disruption of the cells’ ability to
uptake CalQDs. This demonstrates that very little Calcitriol uptake occurs when

caveolae or clathrin coated pits are disrupted.

4.1.2 Aim 2: Determine if Calcitriol is biologically active in inflammatory breast
cancer cells in the absence of caveolae or clathrin coated pits

4.1.2.1 Calcitriol Biological Activity in SUM149 cells after Treatments against
Caveolae and Clathrin Coated Pits is Decreased

The role of endocytosis in Calcitriol uptake was further examined by
determining the biological activity of CalQDs after disruption of caveolae and clathrin
mediated endocytosis. If CalQD uptake is prevented, then its biological activity should
be similarly affected.

When the biological activity of Calcitriol was examined with a reporter gene
assay, SUM149 cells transfected with VDRE and PRL-luc had significantly less
luciferase activity when treated to disrupt caveolae with transfection of sSiRNA against

CAV-1 as compared to just treated with Calcitriol (Figure 4.7). This indicates that
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functional caveolae are necessary for Calcitriol induced biological activity. SUM149
cells transfected with VDRE and PRL-luc also had significantly less luciferase activity
when treated to disrupt clathrin coated pits with transfection of eps-15-EH29 as
compared to just treated with Calcitriol (Figure 4.7). This indicates that functional
clathrin coated pits are necessary for Calcitriol induced biological activity. There was
also significantly less luciferase activity when VDRE and PRL-luc trasfected cells
were treated with methyl-B-cyclodextrin for use disrupting caveolae and clathrin
coated pits as compared to just treated with Calcitriol (Figure 4.7). This confirms that
functional caveolae and clathrin coated pits are necessary for Calcitriol induced
biological activity. The results demonstrate that functional caveolae and clathrin
coated pits are essential for normal Calcitriol uptake and biological activity, which
could indicate that Calcitriol uses both caveolae and clathrin mediated endocytosis to

enter the cell.

4.1.3 Aim 3: Determine if there is Colocalization between Caveolae and
Calcitriol and between Clathrin Coated Pits and Calcitriol.

4.1.3.1 Thereis Increased Colocalization between VDR, caveolin-1, and
Calcitriol bound QDs with the Introduction of Calcitriol bound QDs

This study was done to examine colocalization between Calcitriol, VDR,
CAV-1, and clathrin. Endocytosis of Calcitriol in SUM149 cells is only possible if it

colocalizes with the endocytotic structure in question in vitro. The colocalization was
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determined by examining the images of SUM149 cells transfected with plasmids for
the expression of VDRGFP and either CAV-1RFP or clathrinRFP for 2 hours after the
addition of Calcitriol.

The Pearson’s Correlation Coefficient is a measure of the strength of the linear
dependence between two variables. The value can range from -1, which is a perfect
negative linear correlation to 1, which is a perfect positive linear correlation. Absence
of a linear relationship results in a value near 0. An increased Pearson’s Correlation
Coefficient in fluorescent images shows that there is a higher linear correlation
between the pixel intensity distributions between channels, indicating increased
correlation and a direct linear relationship between two different types of substances.
The Overlap Coefficient according to Mander’s measures the proportion of the
intensity in each channel that coincides with the presence of some signal, regardless of
intensity, in the other channel that is above the threshold value. The Overlap
Coefficient according to Mander’s ranges from 0, which is no overlap, to 1, which is a
complete overlap of all the intensity in a channel overlapping with some of the other
channel. An increase in Overlap Coefficient according to Mander’s demonstrates that
there is a higher proportion of a channel’s signal that coincides with some of the other
channel, indicating that a high proportion of one type of substance colocalizes with the
other type of substance.

When CalQDs were added to SUM149 cells transfected with VDR-GFP and
CAV-1RFP, there was an apparent increased correlation and colocalization between

all three substances (Figure 4.8). This is visible with the appearance of white clusters
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approaching the nucleus over 2 hours as seen in the image slices (Figure 4.8A). The
white color is formed by the overlay of the red (caveolin-1), blue (CalQDs), and green
(VDR) channels. There was additionally an increase in the Pearson’s Correlation
Coefficient and an increase in the Overlap Coefficient according to Mander’s in each
of the two way comparisons (Figure 4.8B). This indicates that when Calcitriol is
added, Calcitriol colocalizes with caveolae and VDR. Therefore, it likely that
Calcitriol is being uptaken at the caveolae in SUM149 cells.

However, when CalQDs were added to SUM149 cells transfected with VDR-
GFP and clathrinRFP, there was only an increased correlation between VDR and
clathrin (Figure 4.9). This is visible with the appearance of yellow clusters, rather than
white in the cytoplasm as seen in the image slices (Figure 4.9A). The yellow color is
formed by the overlay of the red (clathrin) and green (VDR) channels. There was
additionally an increase in the Pearson’s Correlation Coefficient in the two way
comparison between VDR and clathrin, but not in the Overlap Coefficient according
to Mander’s (Figure 4.9B.1). This indicates that while increased levels of VDR may
correlate with clathrin after Calcitriol treatment, the colocalization does not increase
like with caveolae and VDR. There was no apparent correlation between CalQDs and
clathrin or between CalQDs and VDR (Figure 4.9B.2-3). This indicates that Calcitriol
does not colocalize with clathrin coated pits, which demonstrates that Calcitriol does
not enter cells through clathrin coated pits. Although clathrin mediated endocytosis is
necessary for Calcitriol uptake, it’s possible that this is due to downstream signaling

from clathrin coated pits.
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4.2 Hypothesis 2 Calcitriol bound Quantum Dots can be used as treatment for
inflammatory breast cancer via direct targeting through conjugation with
SM3 Mucin-1 antibodies

4.2.1 Aim 1: Demonstrate that SM3 Mucin-1 Calcitriol bound Quantum Dots
are specifically targeted to Sum149 cells in vitro

4.2.1.1 Calcitriol bound QDs conjugated with Mucin-1 Antibodies are Uptaken
into SUM149 cells and are Biologically Active

The concentration of CalQDs necessary for the treatment of IBC is high
enough to cause hypercalcemia [19, 22]. To target Calcitriol to IBC cells, CalQDs
were conjugated with two clones of anti-human mouse Mucin-1 (MUC-1) antibodies.
The SM3 clone of MUC-1 was used to target breast cancer cells, while the HMPV
clone was used to target normal and cancerous epithelial tissue [49, 50]. Their uptake
and biological activity was examined to confirm that their ability to enter cells and
induce biological activity is at least as functional as CalQDs.

CalQDs and CalQDs conjugated with SM3 MUC-1 and HMPV MUC-1
antibodies had a significantly higher intensity of QDs in the cytoplasm and nucleus of
SUM149 cells than the ConQDs (Figure 4.10). Also, the CalQDs conjugated with
Mucin-1 had a slightly greater cytoplasmic and nuclear intensity than the CalQDs
(Figure 4.10). A reporter gene assay experiment showed that the SM3 Mucin-1
Conjugated CalQDs (SM3 CalQDs) induce about as much luciferase reporter

expression as CalQDs and Calcitriol, and had significantly more luciferase expression
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than the ConQDs (Figure 4.11). These results indicate that CalQDs conjugated with
MUC-1 antibodies are successfully uptaken into the cell and induce biological activity
as well as CalQDs alone.

When the Mucin-1 Conjugated CalQDs were added to C2C12 cells, which are
not targets of anti-human antibodies, they had a significantly greater cytoplasmic
intensity of QDs (p<.05) than ConQDs, but the SM3 MUC1 CalQDs did not have a
significantly greater intensity in the nucleus while the HMPV CalQDs intensity
maintained significance compared to the ConQDs (Figure 4.12). The CalQDs had an
even higher significantly greater intensity of QDs (p<.01) in the cytoplasm than the
conQDs, and had also significantly higher QD intensity in the nucleus than the
conQDs (Figure 4.12). This indicates that the MUC-1 conjugated CalQDs had a
significantly lower uptake into the cytoplasm of C2C12 cells than the CalQDs, and the
SM3 MUC-1 CalQDs had a significantly lower uptake in the nucleus than the
CalQDs, which is likely due to the anti-human MUC-1 antibodies not targeting mouse

cells.
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4.2.2 Aim 2: Demonstrate that HMPV Mucin-1 Calcitriol bound Quantum Dots
are specifically targeted to inflammatory breast cancer tumors in vivo

4.2.2.1 Calcitriol bound Infrared QDs conjugated with SM3 Mucin-1
Antibodies can be Examined In Vivo and Appear to be Targeted to the
Lungs and Spleen

This study was done to examine the ability of SM3 MUC-1 to be directly
targeted to IBC tumors in vitro. Nude immune compromised mice were treated with
SUM149 cells. When the tumors were visible, the mice were injected with CalQDs,
SM3 CalQDs, or ConQDs. The QDs with the highest fluorescent intensity were
selected for the experiment.

QDs with four different emissions were tested for their visibility under the
IVIS Lumina. The brightest QD type was selected for in vivo use. The QDs were
conjugated to Calcitriol and the SM3 clone of MUC-1 used to target breast cancer
cells and injected into nude immune compromised mice treated with SUM149 cells.

The 800 nm QDs had the highest fluorescent intensity under the VIS Lumina
(Figure 4.13). They reached pixel saturation at a 100 pl volume at 60 nM (Figure
4.13). However only 40 nM was used as a treatment in nude mice, and this is diffused
throughout the mice after injection, so saturation of the in vivo images are unlikely.

When mice were treated with the QD treatments in vivo, in general mice with
IBC tumors had a higher concentration of Infared QD treatment retained (Figure
4.14A). They appear to have been at their highest concentration at Day 2 (Figure

4.14A). At Day 2, CalQD and SM3 conjugated CalQD treatments appear to have been
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concentrated in the lungs and spleen as compared to the Control QDs which had a
more sporadic dispersal (Figure 4.14A). SM3 CalQDs were retained longer with more
apparent at Day 3 than the other treatments (Figure 4.14A). At Day 2, the top view of
the mice showed that mice treated with SM3 CalQDs and CalQDs had a significantly
higher fluorescent intensity in the lungs in mice with visible tumors, than with mice
with no tumors (Figure 4.14B). This indicates that SM3 CalQDs and CalQDs are
present in the lungs at Day 2 mainly when tumors are present. At Day 2, the bottom
view of the mice showed that mice treated with SM3 CalQDs had a significantly
higher fluorescent intensity in the lungs in mice with visible tumors, than with mice
with no tumors and that in mice with tumors there was a significantly higher intensity
of SM3 CalQDs in the lungs than in mice treated with ConQDs (Figure 4.14C). This
indicates that SM3 CalQDs, but not generally ConQDs, are present in the lungs at Day
2. At Day 2, the bottom view of the mice showed that mice treated with SM3 CalQDs
and CalQDs had a significantly higher fluorescent intensity in the spleen in mice with
visible tumors, than with mice with no tumors and that in mice with tumors there was
a significantly higher intensity of SM3 CalQDs in the spleen than in mice treated with
ConQDs (Figure 4.14C). This indicates that SM3 CalQDs and CalQDs, but not
generally ConQDs, are present in the spleen at Day 2. These results indicate that when
mice have IBC tumors developed from the SUM149 cells, mice injected with SM3
CalQDs have significantly more QDs in the spleen and lungs than mice treated with
ConQDs. The spleens removed from the mice sacrificed four days after the treatments

had a significantly higher fluorescence in all treatments when the mice had tumors
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present (Figure 4.15). This further indicates that the presence of tumors impacts the

distribution of QDs in organs.
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Figure 4.1 C2C12 cells were treated with 1 nM Green 525 nm Calcitriol bound
QDs, for 2 or 4 hour intervals. The 0 hour treatment has no addition
of Calcitriol bound QDs. Selected z-stack images were taken using
lasers of 405 nm wavelength for the Hoechst stain, and 488 nm for
the QDs and Fm4-64 membrane stain. A. Mean pixel intensity of the
Calcitriol bound QDs observed in the cytoplasm of C2C12 cells for 0
hour, 2 hour, and 4 hour treatments. B. Mean pixel intensity of the
Calcitriol bound QDs observed in the nucleus of C2C12 cells for 0
hour, 2 hour, and 4 hour treatments. The error bars display the
S.E.M. * p<.05 ** p<.01 as determined by single factor ANOVA

followed by Tukey’s HSD post hoc test.
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Figure 4.2 Mean

Intensity of CAV-1GFP
transfected with CAV-1GFP, CAV-1GFP and siRNA against
caveolin-1 (siRNACAV-1), and CAV-1GFP and Eps-15-EH29 (CAV-
1+EH29). CAV-1GFP transfected cells were also treated with
Methyl-B-cyclodextrin (CAV-1+MBCD). Non-transfected cells were
examined as a control. Selected z-stack images were taken using
lasers of 405 nm wavelength for the Hoechst stain, 488 nm for the
CAV-1GFP transfection, and 561 nm for the 655 nm QDs. The mean
pixel intensity of the CAV-1GFP in the cytoplasm of SUM149 cells is
displayed. The error bars display the S.E.M. ** p<.01 as determined

by unpaired two tailed t-test.
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Figure 4.3 Mean Intensity of Infrared Calcitriol bound QDs in SUM149 cells.
Cells were transfected with CAV-1GFP (CAV-1) (A.1 and A.2) or a
control transfection (NT) (A.3 and A.4). CAV-1 and Non-transfection
groups were left untreated before imaging. The remaining groups
were treated with 1 nM Infared 655 nm Control QDs (ConQDs) (A.2
and A.4) or CalQDs (CalQDs) (A.1 and A.3) for 2 hours before
Imaging. Selected z-stack images were taken using lasers of 405 nm
wavelength for the Hoechst stain, 488 nm for the CAV-1GFP
transfection, and 561 nm for the 655 nm QDs. A. The red channel
displays the QDs, the green channel displays the CAV-1GFP, and the
blue channel displays the nucleus. On the left are projection images,
while displayed on the right are slices taken vertically through the
cell, displaying a side-view of the cell. B. Mean pixel intensity of the
CalQDs in the cytoplasm (B.1) and nucleus (B.2) of SUM149 cells.
The error bars display the S.E.M. * p<.05 ** p<.01 as determined by
single factor ANOVA followed by Tukey’s HSD post hoc test.
Arrows display large clusters of CalQDs.
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Figure 4.4 Mean Intensity of Infrared Calcitriol bound QDs in SUM149 cells
after Downregulation or Disruption of CAV-1 or Caveolae. Cells
were transfected with CAV-1GFP (CAV-1), or CAV-1GFP and
siRNA against caveolin-1 (CAV-1+siRNACAV-1). Cells were left
untreated or treated with 1 nM Infared 655 nm Control QDs
(ConQ@Ds) or Calcitriol bound QDs (CalQDs) for 2 hours before
imaging. Selected z-stack images were taken using lasers of 405 nm
wavelength for the Hoechst stain, 488 nm for the CAV-1GFP
transfection, and 561 nm for the 655 nm QDs. A. The red channel
displays the QDs, the green channel displays the CAV-1GFP, and the
blue channel displays the nucleus. On the top are projection images,
while displayed on the bottom are slices taken vertically through the
cell, displaying a side-view of the cell. A.1. Displays the CAV-
1+CalQDs treatment. A.2. Displays the CAV-1+siRNACAV-
1+CalQDs treatment. The green CAV-GFP channel was adjusted to
be 5X brighter so that the caveolae structure would be visible. B. The
mean pixel intensity of the CalQDs in the cytoplasm (B.1) and
nucleus (B.2) of SUM149 cells. The error bars display the S.E.M. *
p<.05 ** p<.01 as determined by single factor ANOVA followed by
Tukey’s HSD post hoc test. Arrows display large clusters of CalQDs.
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Figure 45 Mean Intensity of Infrared Calcitriol bound QDs in SUM149 cells
after Disruption of Clathrin Coated Pits. Cells were transfected with
CAV-1GFP (CAV-1), or CAV-1GFP and epsl5-EH29 (CAV-
1+EH29). Cells were left untreated or treated with 1 nM Infared 655
nm Control QDs (ConQDs) or Calcitriol bound QDs (CalQDs) for 2
hours before imaging. Selected z-stack images were taken using
lasers of 405 nm wavelength for the Hoechst stain, 488 nm for the
CAV-1GFP transfection, and 561 nm for the 655 nm QDs. A. The
red channel displays the QDs, the green channel displays the CAV-
1GFP, and the blue channel displays the nucleus. On the top are
projection images, while displayed on the bottom are slices taken
vertically through the cell, displaying a side-view of the cell. A.l.
Displays the CAV-1+CalQDs treatment. A.2. Displays the CAV-
1+EH29+CalQDs treatment. B. The mean pixel intensity of the
CalQDs in the cytoplasm (B.1) and nucleus (B.2) of SUM149 cells.
The error bars display the S.E.M. * p<.05 ** p<.01 as determined by
single factor ANOVA followed by Tukey’s HSD post hoc test.
Arrows display large clusters of CalQDs.
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Figure 4.6 Mean Intensity of Infrared Calcitriol bound QDs in SUM149 cells
after Disruption of Caveolae and Clathrin Coated Pits. Cells were
transfected with CAV-1GFP (CAV-1), or additionally treated with
methyl-B-cyclodextrin (CAV-1+MBCD). The cells were left untreated
or treated with 1 nM Infared 655 nm Control QDs (ConQDs) or
Calcitriol bound QDs (CalQDs) for 2 hours before imaging. Selected
z-stack images were taken using lasers of 405 nm wavelength for the
Hoechst stain, 488 nm for the CAV-1GFP transfection, and 561 nm
for the 655 nm QDs. A. The red channel displays the QDs, the green
channel displays the CAV-1GFP, and the blue channel displays the
nucleus. On the top are projection images, while displayed on the
bottom are slices taken vertically through the cell, displaying a side-
view of the cell. A.1. Displays the CAV-1+CalQDs treatment. A.2.
Displays the CAV-1+MBCD+ CalQDs treatment. B. The mean pixel
intensity of the CalQDs in the cytoplasm (B.1) and nucleus (B.2) of
SUM149 cells. The error bars display the S.E.M. * p<.05 ** p<.01 as
determined by single factor ANOVA followed by Tukey’s HSD post
hoc test. Arrows display large clusters of CalQDs.
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Figure 4.7 Reporter gene assay showing biological activity of 10 nM Calcitriol
in cells treated for disruption of caveolae and clathrin coated pits.
Cells were transfected with VDRE and PRL-luc and some groups
additionally with siRNA against caveolin-1 (SiIRNACAV-1) or Eps-
15-EH29 (EH29). Some groups of CAV-1 transfected cells were also
treated with Methyl-B-cyclodextrin (MBCD). The Control was
transfected with only VDRE and PRL-luc with no additional
treatment. The normalized reporter values of luciferase activity are
shown with the S.E.M. * p<.05 ** p<.01 as determined by single
factor ANOVA followed by Fisher’s LSD post hoc test.
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Figure 4.8 Correlation and Colocalization between VDR-GFP and caveolin-
1RFP and CalQDs over 2 Hours after treatment with 1 nM Infared
CalQDs. SUM149 cells were transfected with caveolin-1RFP and
VDR-GFP. Then they were treated with 1 nM Infared 655 nm
Calcitriol bound QDs (CalQDs) for 2 hours, while a z-stack time
series was taken with an image every 15 minutes. Selected z-stack
Images were taken using lasers of 405 nm wavelength for the Hoechst
stain, 488 nm for the VDR-GFP transfection, and 560 nm for the
caveolin-1RFP and QDs. A. The white channel displays the nucleus,
the green channel displays the VDR-GFP, the red channel displays
the caveolin-1RFP, and the blue channel displays the CalQDs. On
the top are horizontal slices, while displayed on the bottom are slices
taken vertically through the cell, displaying a side-view of the cell. B.
Displays the Pearson’s Correlation Coefficient and the Overlap
Coefficient according to Mander’s (MOC) to examine correlation
and colocalization between VDR and caveolin-1 (B.1), VDR-GFP and
CalQDs (B.2), and caveolin-1 and CalQDs (B.3). The error bars
display the S.E.M. Arrows display large clusters of CalQDs
colocalized with VDR and caveolae.
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Figure 4.9 Correlation and Colocalization between VDR-GFP and clathrinRFP
and CalQDs over 2 Hours after treatment with 1 nM Infared
CalQDs. SUM149 cells were transfected with clathrinRFP and VDR-
GFP. Then they were treated with 1 nM Infared 655 nm Calcitriol
bound QDs (CalQDs) for 2 hours, while a z-stack time series was
taken with an image every 15 minutes. Selected z-stack images were
taken using lasers of 405 nm wavelength for the Hoechst stain, 488
nm for the VDR-GFP transfection, and 560 nm for the clathrinRFP
and QDs. A. The white channel displays the nucleus, the green
channel displays the VDR-GFP, the red channel displays the
clathrinRFP, and the blue channel displays the CalQDs. On the top
are horizontal slices, while displayed on the bottom are slices taken
vertically through the cell, displaying a side-view of the cell. B.
Displays the Pearson’s Correlation Coefficient and the Overlap
Coefficient according to Mander’s (MOC) to examine correlation
and colocalization between VDR and clathrin (B.1), VDR-GFP and
CalQDs (B.2), and clathrin and CalQDs (B.3). The error bars display
the S.E.M. Arrows display large clusters of CalQDs. Arrows display
large clusters of VDR correlated with clathrin.
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Figure 4.10 SUM149 cells were treated with 3 nM Green 525 nm Control QDs
(ConQDs) (A.1), Calcitriol bound QDs (CalQDs) (A.2), Calcitriol
bound QDs conjugated with Anti-Human SM3 Mucin-1 antibodies
(SM3 CalQDs) (A.3), or Calcitriol bound QDs conjugated with Anti-
Human HMPV Mucin-1 antibodies (HMPV CalQDs) (A.4) for 2
hours. The control treatment has no addition of QDs. Selected z-
stack images were taken using lasers of 405 nm wavelength for the
Hoechst stain, and 488 nm for the QDs and Fm4-64 membrane stain.
A. The red channel displays the membrane stain, the green channel
displays the QDs, and the blue channel displays the nucleus. On the
left are projection images, while displayed on the right are slices
taken vertically through the cell, displaying a side-view of the cell. B.
Mean pixel intensity of the QDs in the cytoplasm (B.1) and nucleus
(B.2) of SUM149 cells. The error bars display the S.E.M. * p<.05 **
p<.01 as determined by single factor ANOVA followed by Fisher’s
LSD post hoc test. Arrows display large clusters of QDs.
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Figure 4.11 Reporter gene assay showing biological activity of Calcitriol in cells
treated with 10 nM Calcitriol, Green 525 nm Control QDs
(ConQ@Ds), Calcitriol bound QDs (CalQDs), or Calcitriol bound QDs
conjugated with Anti-Human SM3 Mucin-1 antibodies (SM3
CalQDs). Cells were transfected with VDRE and PRL-luc before
stimulation with CalQDs. The Control was transfected with only
VDRE and PRL-luc with no additional treatment. The normalized
reporter values of luciferase activity are shown with the S.E.M. *
p<.05 ** p<.01 as determined by single factor ANOVA followed by
Tukey’s HSD post hoc test.
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Figure 4.12 C2C12 cells were treated with 3 nM Green 525 nm Control QDs
(ConQDs) (A.1), Calcitriol bound QDs (CalQDs) (A.2), Calcitriol
bound QDs conjugated with Anti-Human SM3 Mucin-1 antibodies
(SM3CalQDs) (A.3), or Calcitriol bound QDs conjugated with Anti-
Human HMPV Mucin-1 antibodies (HMPVCalQDs) (A.4) for 2
hours. The control treatment has no addition of QDs. Selected z-
stack images were taken using lasers of 405 nm wavelength for the
Hoechst stain, and 488 nm for the QDs and Fm4-64 membrane stain.
A. The red channel displays the membrane stain, the green channel
displays the QDs, and the blue channel displays the nucleus. On the
left are projection images, while displayed on the right are slices
taken vertically through the cell, displaying a side-view of the cell. B.
Mean pixel intensity of the QDs in the cytoplasm (B.1) and nucleus
(B.2) of C2C12 cells. The error bars display the S.E.M. * p<.05 **
p<.01 as determined by single factor ANOVA followed by Fisher’s
LSD post hoc test. Arrows display large clusters of QDs.
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Figure 4.13 Standard Curves of QDs under the 1VIS Lumina. Quantum Dots at
525 nm, 605 nm, 655 nm, and 800 nm at varying concentrations were
placed in microcentrifuge tubes under the 1VIS Lumina. A. Image of
800 nm QDs in microcentrifuge tubes. B. Standard curve of pixel
intensity of QDs in microcentrifuge tubes at 800 nm QDs from 0 to
100 nM. C. Standard curve of pixel intensity of QDs in
microcentrifuge tubes at 525 nm, 605 nm, 655 nm, and 800 nm QDs
from 0 to 10 nM.
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Figure 4.14 Over 3 Days Nude Mice with and without SUM149 Tumors Injected
with 800 nm Calcitriol bound QDs conjugated with SM3 Mucin-1
antibodies (SM3CalQDs), Calcitriol bound QDs (CalQDs), and
Control QDs (ConQDs). Nude Immune Deficient Mice were injected
subdermally with SUM149 cells. After 6 weeks when tumors were
visible, mice were tail vain injected with 100 ul 40 nM SM3CalQDs,
CalQDs, or ConQDs. Mice were imaged once a day for 3 days, then
sacrificed on day 4. A. There are two representative mice displayed
in each treatment/day block. On the top of each block is the top view
of the mice, and on the bottom is the bottom view of the mice. The
mouse placed on the left has no tumor, while the one on the right has
a visible tumor. In the red block are the fluorescent images for each
day, and in the blue block are the visible images for each day. B. At
Day 2, the mean pixel intensity of spleen and lungs in mice with and
without tumors as measured from the top view of the mice. C. At
Day 2, the mean pixel intensity of spleen and lungs in mice with and
without tumors as measured from the bottom view of the mice. The
error bars display the S.E.M. * p<.05 ** p<.01 as determined by
single factor ANOVA followed by Fisher’s LSD post hoc test.
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Figure 4.15 Organs of Nude Mice with and without SUM149 Tumors Injected
with Infrared 800 nm Calcitriol bound QDs conjugated with SM3
Mucin-1 antibodies (SM3 CalQDs), Calcitriol bound QDs (CalQDs),
and Control QDs (ConQDs) four days previously. Over 3 Days Nude
Mice with and without SUM149 Tumors Injected with Infrared 800
nm Calcitriol bound QDs conjugated with SM3 Mucin-1 antibodies
(SM3CalQDs), Calcitriol bound QDs (CalQDs), and Control QDs
(ConQ@Ds). Nude Immune Deficient Mice were injected subdermally
with SUM149 cells. After 6 weeks when tumors were visible, mice
were tail vain injected with 100 ul 40 nM SM3CalQDs, CalQDs, or
ConQDs. Mice were imaged once a day for 3 days, then sacrificed on
day 4. A. Organs of the mice are displayed with control mice without
tumors on top of each treatment block. On the left are the
fluorescent images, and on the right are the visible images. Spleens in
white squares are from mice with tumors. Spleens in yellow squares
are from mice without tumors. B. The mean pixel intensity of spleens
in mice with and without tumors. The error bars display the S.E.M.
* p<.05 ** p<.01 as determined by single factor ANOVA followed by
Fisher’s LSD post hoc test.
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Chapter 5

CONCLUSIONS

Direct imaging of Calcitriol has been problematic due to the lack of successful
fluorescent labeling or antibodies specifically recognizing Calcitirol. For this reason,
Calcitriol bound QDs were developed to image Calcitriol in vitro and in vivo [1].
Calcitriol bound QDs have a lower susceptibility to photobleaching, increased
stability, broader excitation and narrow emission spectrum, and a higher signal to
noise ratio than other previously developed fluorescent Calcitriol probes due to the
characteristics of QDs [24-26]. Therefore, Calcitriol bound QDs can be used to
visualize the location of Calcitriol and examine colocalization with other fluorescent
probes. Calcitriol is crucial to human health, so it is important to perform further
research to examine its large variety of essential signaling pathways. Since extensive
research on Calcitriol has demonstrated that a deficiency can lead to many diseases,
such as certain cancers and osteoporosis, it is essential to understand how this
molecule is taken up by cells [13]. Calcitriol’s role as a potential therapeutic against
breast cancer has been demonstrated in clinical trials and it appears to have an effect

against the metastasizing ability of Inflammatory Breast Cancer (IBC) cells [17, 22].
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Calcitriol’s potential as a therapeutic against IBC, a disease that has high mortality
even with prompt treatment, needs to be further explored [22]. In this study, CalQDs
were used as both a probe to better understand Calcitriol entry into IBC cells and as a
potential targeted treatment against IBC.

Since Calcitriol is a steroid and cannot be synthesized by the cell with a
fluorescent tag, not much research has been done involving direct imaging of
Calcitriol. The uptake of Calcitriol into cells can now be observed through Calcitriol
bound QDs [1]. Calcitriol bound QDs enter the cytoplasm and nucleus within 2 hours
(Figure 4.1). Since the cytoplasm has a larger volume than the nucleus, mean intensity
showing uptake is more accurate and less variable over its larger volume. Hence, 2
hour treatments of Calcitriol bound QDs were chosen, which favor observation of
uptake in the cytoplasm with Calcitriol bound QDs mainly localized there at that time
point.

CalQDs can be used as a probe to determine Calcitriol’s method of entry into
the cell. When endocytosis is prevented, decreased uptake indicates that Calcitriol
does not enter the cell without endocytosis. The free hormone hypothesis states that
since Calcitriol is hydrophobic, it must enter the cell via diffusion through the plasma
membrane [31]. However, Calcitriol is hydrophilic in serum when bound to the
Vitamin D binding protein, and associates closely with caveolae [3, 36, 37]. Its
precursor, 25-hydroxy-vitamin D3 has been shown to enter the kidney proximal tubule
cells through clathrin mediated endocytosis [47]. Calcitriol’s method of uptake into

the cell has not been tested. Calcitriol has been shown to be particularly effective
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against Inflammatory Breast Cancer cells and emboli [22]. Caveolae are over-
expressed in IBC cells, so if caveolae function is essential to Calcitriol uptake, then
the ability of Calcitriol to treat Inflammatory Breast Cancer cells would depend on the
caveolae expression [44]. The over-expression may even contribute to Calcitriol’s
ability to impact the metastasizing properties of SUM149 cells, but not significantly
affect the non-inflammatory MDA-MB-231 cells [22].

Two main forms of endocytosis, caveolae and clathrin coated pits, were
disrupted in SUM149 IBC cells. Calcitriol bound QDs were shown to have decreased
uptake in the cytoplasm and nucleus of SUM149 cells when caveolae or clathrin
coated pits are disrupted (Figure 4.4-6). This is confirmed by a decreased biological
response in cells with disrupted caveolae or clathrin coated pits (Figure 4.7). Both
endocytotic structures appear to be necessary for normal levels of Calcitriol uptake
into the cell, so it is possible that Calcitriol enters the cell via both endocytotic
pathways. For example, a peptide, TAMRA-claudin-1, enters cells via both clathrin
and caveolae mediated endocytosis [53].

Although the decreased uptake in SUM149 cells resulting from disrupting
caveolae or clathrin coated pits indicates that both structures are used for endocytosis,
the uptake was brought down to the level of QD uptake even when only one type of
endocytotic structure was disrupted (Figure 4.4-6). This indicates that there was little
to no uptake of Calcitriol when either caveolae or clathrin coated pits were disrupted,
which would not be the case if both structures are used for endocytosis. Caveolae are

independent structures from clathrin coated pits, so there would only be a partial
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decrease when one was knocked out. It is possible that Calcitriol requires both
structures to be functional, but is only endocytosed by one type. Calcitriol must
colocalize with the structures to be endocytosed. In skeletal muscle cells, VDR
colocalizes with caveolae when Calcitriol is a ligand for caveolae [36, 37]. This is an
indication that Calcitriol entry is possible at the caveolae. Without colocalization, it’s
more likely that the membrane structures are involved in upstream signaling necessary
for uptake rather than in the uptake itself. Colocalization between VDR, caveolae, and
Calcitriol was examined in SUM149 cells. Like the skeletal muscle cells, there was an
increase in correlation and colocalization between VDR and caveolae after Calcitriol
was added (Figure 4.8). There was also a correlation and colocalization between
caveolae and Calcitriol and between VDR and Calcitriol indicating a colocalization
between all three after Calcitriol enters the cell at the caveolae (Figure 4.8). The same
association was examined between clathrin coated pits, VDR, and Calcitriol. If
Calcitriol enters the cell at the clathrin coated pits, colocalization would be a good
indicator for this occurrence. However, while there was an increase in correlation
between VDR and clathrin coated pits, the colocalization did not increase in response
to Calcitriol. Also, both correlation and colocalization remained very low between
clathrin coated pits and Calcitriol and between VDR and Calcitriol (Figure 4.9).

It is likely that while the function of clathrin coated pits is necessary for
Calcitriol uptake, that Calcitriol does not actually use that form of endocytosis to
enter, since it does not colocalize with clathrin. Beta-arrestin-2 increases the activity

of RXR for downstream signaling [7]. Beta arrestins act as adapters that connect
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receptors to clathrin mediated endocytsosis, while also acting as signaling scaffolds
for MAPKSs [8]. Receptor-beta-arrestin complexes bind to ap-2 in clathrin coated pits
[7]. Disruption of clathrin coated pits may lower the activity of RXR, with a potential
decrease in beta-arrestin activity (Figure 5.1). RXR activity is necessary for nuclear
uptake of CalQDs [3, 9], and decreased activity may have caused the observed
decreased nuclear uptake of CalQDs when SUM149 cells were treated with EH29
(Figure 5.1). RXR may be involved in Calcitriol’s membrane docking, causing its
function to also be required for cytoplasmic uptake. To examine this, future work
examining RXR activity can be explored. CalQD uptake can be examined after
knockdown of RXR. While it is likely that Calcitriol does not enter via clathrin
mediated endocytosis, with the demonstrated colocalization between Calcitriol and
Caveolae and the dependence on CAV-1 expression for uptake it is possible that
Calcitriol is uptaken via caveolae (Figure 5.1). However, since caveolae acts as a
signaling scaffold, it is also likely that its role as a scaffold is what allows Calcitriol to
be uptaken, such as the interaction of CAV-1 with VDR in skeletal muscle cells [36,
37]. The free hormone hypothesis cannot be refuted with this study, but further
research should be performed on the role of caveolae and clathrin coated pits in the
uptake of caveolae, since this research has demonstrated that the function of both
structures are necessary [31].

Healthy serum levels of Calcitriol that do not lead to hypercalcemia are at 0.12
nM, which is much lower than the 100 nM necessary to affect the metastasizing ability

of IBC cells and their ability to form emboli [18, 22]. In order to reach a high enough
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concentration at a tumor site in vivo, mucin-1 (MUC-1) antibodies were conjugated to
Calcitriol bound QDs. The SM3 clone of MUC-1 can be used to directly target
Calcitriol bound QDs to IBC cells [49]. The MUC-1 conjugated CalQDs were taken
up by human IBC SUM149 cells at a slightly higher concentration, but at a
significantly lower concentration in the mouse C2C12 cell line (Figure 4.10, 4.12). So,
they appear to target human IBC cells more than the control mouse cell line. They also
induced biological activity in SUM149 cells as well as Calcitriol and CalQDs (Figure
4.11). This success in vitro indicated that they were successfully conjugated in a way
that they could be targeted to the IBC cells with their biological activity intact. When
the SM3 CalQDs were used in vivo, in mice with tumors they appeared to be targeted
to the lungs, where the IBC cells often metastasize [22] and to the spleen, which was
the closest organ of the lymphatic system to the original subcutaneous injection site
where the large IBC tumors are located (Figure 4.14-5). The SM3 CalQDs appeared to
remain in the system longer than CalQDs, as the fluorescent intensity was greater in
those tumor laden mice treated with SM3 CalQDs at day 3 (Figure 4.14A). However,
the large tumors did not appear to be targeted (Figure 4.14A). It is possible that only
the outside of the large tumors could be targeted, and would cause them to be less
fluorescent. However there was a clear difference in SM3 CalQD distribution and
Control QD distribution, which indicates that further exploration of this molecule in
vivo is warranted (Figure 4.14).

The results indicate that CalQDs were successful as both a probe into Calcitriol

uptake in IBC cells and as a potential method to target Calcitriol directly to IBC cells.
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Additional research into the mechanism behind CalQD uptake and their viability in
vivo is necessary to make further conclusions. The unique CalQD molecule can also
be expanded for use beyond Inflammatory Breast Cancer with Calcitriol’s major role
in maintaining health and as a therapeutic. With this probe, the current understanding
of Vitamin D biology can be expanded and could lead to improvements in therapy for

both Vitamin D deficient diseases and cancers [2].
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Figure 5.1 Uptake of Calcitriol at the Caveolae. This study has determined that
Calcitriol colocalizes with caveolae, and the function of clathrin
coated pits and caveolae are necessary for cytoplasmic and nuclear
uptake. Our model derived from our data shows that after
associating with caveolae, and being uptaken into the cell, Vitamin D
Receptor (VDR) translocates from the nucleus and binds to
Calcitriol. RXR receptor is activated by beta-arrestin-2, which is
bound to AP-2 at clathrin coated pits, and binds to VDR, forming a
heterodimer. The heterodimer translocates to the nucleus to interact
with the Vitamin D Response Elements (VDRE) to induce or repress
transcription.
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Institutional Animal Care and Use Committp

Annual Review

(Please complete below using Arial, size 12 Font,)

Title of Protocol: Studying the Distribution Storage of Nanoparticles in Female Mice |

AUP Number: 1199.2011-2 € (4 digits only)

Principal Investigator: Dr. Anja Nohe

Common Name: Mouse

Genus Specles: Mus musculus

Pain Category: (please mark one)

_Cﬁol Deseription !
| B | Breeding or holding where NO h is conducted

| XcC Procedure involving momentary or no pain or distress
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Principal Investigator Assurance

1. | agree 1o abide by all applicable federal, state, and lacal laws and regulations,. and UD policies and
procedures.

2. | understand that deviations from an app d p | or violati of ficabl lich

guidelines, or laws could result in i di pension of the p | and may be reportable to
the Office of Laboratory Animal Welfare [OLAW).
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of any research or procedural changes that may causé more than momentary or slight pain or
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IACUC approval of animal protocols must be renewed on an annual basis.
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1 understand that all use of animals ar animal tissues must have prior [ACUC
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of Laboratory Animal Welfare (OLAW).
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I have completed the Animal Facility Safety Training for working with
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IF survival surgical procedures or post-operative recovery are to be performed
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[ certify that I have read this protocol, accept my responsibility and will
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Und d Student. Technician, ete. If no list who will train,)
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Name Phone Number Phone Number Facility Training
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Status: Technician

Qualifications; 4 years of experience working with mice — euthanized mice with
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Responsibilities: Wil perform injections with the assist of Dr. Van Golen.
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