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Abstract

Quantitative fluorescence microscopy is a highly technical, swiftly evolving field of
methodologies that are uniquely able to probe the nano-scale biological environment.
With these optimized, advanced technologies available, scientists and medical providers
are equipped to illuminate a plethora of puzzles in science and medicine through the
multiplexing and high spatiotemporal resolution offered. Here I first exploit these
capabilities to study a rare cancer with multiplex immunohistofluorescence (IHF) to
confirm cell type and undocumented protein expression that may have implications for
our understanding of the biology of mast cells and the potential efficacy of treatment and
symptom management in mast cell disease. Second, I utilize the high spatiotemporal
resolution of quantum dot (QD) single particle tracking to demonstrate a previously
suspected but un-proven heterodimerization between two receptor tyrosine kinases
(EGFR and RON) implicated in cancer and targeted cancer therapy resistance.
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Chapter 1: Introduction

1.1 Fluorescence microscopy
The light microscope has long been used to interrogate processes otherwise invisible to
the unaided eye. Since the 1700s, when Dutch scientist Antony van Leeuwenhoek
ground his own microscope lenses to achieve 200x magnification, scientists have been
able to probe the diminutive environment to elucidate many of the intricacies of
biological life (Snyder 2015). The development of scientific understanding of the minute
world was accelerated ahead most notably by the introduction of dyes and techniques to
enhance image contrast, one of which is fluorescence techniques in microscopy.

Biological and medical applications for fluorescence microscopy techniques have
evolved concurrently with fluorescence sciences. An early example is the biological
application of the fluorescein compound Adolph von Baeyer synthesized in 1871, which
won him the 1905 Nobel Prize in Chemistry, and was used shortly after in its sodium salt
form to track the aqueous humor of the eye in vivo by Paul Erlich in 1882 (Masters 2010;
Baeyer 1871). Max Haitinger advanced the field of specimen staining with his
“fluorochroming” protocols at the turn of the 19th century (Haitinger 1934). Then, in the
early 1900s, August Kӧhler invented the ultraviolet absorbance microscope, which used
short wavelengths for high resolution per diffraction limits described by Ernst Abbe
(Wollman et al. 2015; Taylor 1953). Kӧhler, in collaboration with Henry Sidentopf at
Carl Zeiss, introduced a more stable light source next, a 275 nm excitation beam which
was used to view unstained chromatin as the first fluorescence microscope (Young 1961).
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This new microscopy technique was used to study the autofluorescence of biological
specimens, including medical specimen with the introduction into the field of pathology
by Herwig Hamperl in Vienna in the early 1900s (Kohen and Hirschberg 1989). Rapid
advancement in the excitation source and optics continued into the mid-1900s when
Albert Coons and Melvin Kaplan created a protocol to conjugate fluorescein isocyanate
(FITC) to antibodies in 1941 (Coons and Kaplan 1950). This made way for
immunofluorescence microscopy and protein-specific fluorescence imaging. Next, green
fluorescent protein was isolated by Martin Chalfie, Osamu Shimomura and Roger Tsien
from Aequorea victoria jellyfish in 1962 (Shimomura, Johnson, and Saiga 1962). This
allowed for the tagging of endogenous proteins. In the 1960s, the introduction of lasers
revolutionized the light source of fluorescence microscopy, which have continued to
evolve to provide ever increasing power, precision, and versatility in excitation options.
Brighter and more stable fluorescent dyes continued to be generated. In the 1980s,
Alexei Ekimov in Russia and Louis E. Brus at the University of Columbia, each
independently created semi-conducting nanocrystals (quantum dots, QDs) which have
unique photoproperties in their intensity, stability, and narrow spectral emission
(Rossetti, Nakkahara, and Brus 1983; Ekimov, Efros, and Onushchenko 1985). Along
with the evolution of fluorescence capabilities has come a multitude of protocols and
applications. Protein localization may be achieved at extremely high spatial resolution in
superresolution fluorescence microscopy, protein motion and dimerization can be
resolved in single molecule studies, protein interactions can be illuminated with Fӧrster
resonance energy transfer (FRET) and fluorescence lifetime imaging (FLIM).
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In modern medicine, fluorescence microscopy is used to identify aberration in
autofluoresence, probe the genetic material of cells for abnormalities, and to identify
infectious organisms or find evidence of destructive immune processes. For instance, the
naturally autofluorescent properties of the skin’s collagen, elastin and coenzymes allows
mercury lamp light, filtered through a barium silicate-nickel oxide filter, or a Wood’s
lamp, to illuminate damage or infection present in the skin. Dermatologists use a Wood’s
lamp to diagnose pigment disorders, fungal or bacterial infections, such as by
Psuedomonas, porphyrias, and non-melanoma skin cancers (Klatte, Beek, and
Kemperman 2015). Medical cytogenetics has made use of fluorescence microscopy to
examine karyotype, chromosome banding, and to undertake studies of patient cells in
fluorescence in-situ hybridization (FISH) and spectral karyotyping (SKY) (Bishop 2010).
These techniques identify chromosome and gene abnormalities, such as deletions,
repeats, or fusions such as bcr-abl. Infectious disease specialists use fluorescent stains
for testing such as acridine orange (bacteria and fungi), auramine-rhodamine and
auramine-O (mycobacteria) and calcofluor white (dermatophytes, other fungi) (Adler,
Baumlin, and Frei 2003; Ruiz et al. 2004; Kingsbury, Heitman, and Pinnell 2012).
Rheumatology makes use of fluorescence microscopy to diagnose many diseases through
antibody-based immunofluorescence, including autoimmune diseases of the thyroid and
parathyroid, gastrointestinal tract, pancreas, adrenal glands, gonads, pituitary gland, and
immune damage, of kidneys and other organs, like systemic lupus erythematous,
(Betterle and Zanchetta 2012).
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In addition to highly advanced technical protocols and instrumentation available for
fluorescence microscopy, one of its unique capabilities is its quantifiable nature. A
camera chip, made of a 2-dimensional grid of fixed-size pixels, collects photons emitted
from an imaged sample. A detector, an alternative to camera chip technology, receives
photons as a sample is excited and scanned line by line so that the image is constructed
into an xy(z) image as a record of photons collected per time. Since there is not a chip in
these detectors, pixel size can vary depending on the imaging configuration. For both
cameras and detectors, the correlation between pixel space and sample space allows for
spatial data to be retrieved from images, such as location, proximity, and size of
specimens. Further, since photons are detected at each pixel space, the intensity of
regions of the specimen can be determined and compared. Optimization of the imaging
process is crucial to determining the quality of the quantitative outputs (Waters 2009).
This should include optimal specimen signal from quality preparations, maximum signal
capture from an optimized hardware selection and imaging configuration, such as high
numerical aperture objective and high quantum efficiency of the detector, and excellent
management of signal-to-noise. Finally, rapid advances in technology are continuously
advancing the quantitative nature of fluorescence microscopy. Microscopy images are
now commonly captured with scientific Complementary Metal-Oxide Semiconductor
(sCMOS) cameras or gallium arsenide phosphide (GaAsP) or Hybrid (HyD) detectors
(Beier and Ibey 2014; Becker et al. 2011).

With these optimized, advanced technologies available, scientists and medical providers
are equipped to illuminate a plethora of remaining puzzles in science and medicine
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through quantitative fluorescence microscopy. Here I exploit the unique capabilities of
quantitative fluorescence microscopy to study a rare cancer with multiplex
immunohistofluorescence and track heterodimerization partners that may be involved in
targeted cancer therapy resistance.

1.2 Mast cell disease studied by multiplex IHF
Cancers tend to be highly invasive and prone to metastasis, making it a leading cause of
death in the United States, second only to heart disease according to the CDC National
Center for Health Statistics. Cancers are highly heterogeneous biochemically and as
such have provided considerable challenges for designing small molecule therapies
against ever evolving resistances.

The normal transduction of environmental cues to downstream outcomes via cell
signaling cascades is an extensive and complicated biological network with many
redundancies, positive and negative feedback loops, check points and termination
mechanisms. The delicate balance which differentiates a healthy cell from a cancer cell
may be subtle (Hanahan and Weinberg 2011; Hanahan and Weinberg 2000;
Sonnenschein and Soto 2013). Many cancer therapeutics target processes and proteins
that are functioning or expressed above or below normal levels, but otherwise normal in
their physiology, resulting in a narrow therapeutic margin between treatment and toxicity.
Additionally, cells are highly adaptable and thus extremely resourceful when pressured
by drugs that limit survival. Compounded by the equally complex and plastic nature of
the cellular microenvironment, researchers and medical providers are challenged with a
5

rapidly evolving and heterogeneous landscape when it comes to the study and treatment
of cancer.

Immunohistochemistry (IHC) is a well-established method that allows for identification
of antigens indicative of cell type and origin. It is well integrated as a method of
diagnosis and disease management. Currently, immunohistofluorescence (IHF) is an
attractive alternative to enzyme-linked chromophore IHC since fluorescence provides
quantitative information and allows for higher resolution imaging. Analysis of IHF also
allows the visualization of multiple targets in ratio, creating a molecular “fingerprint” of a
tissue that may be indicative of tumor metastasic potential. Further, multiplex IHF
allows for high output of data from limited sample sizes. Whether due to low tissue
volume, rare incidence, or effort to limit tissue removal, such as in a diagnostic biopsy, it
is often of interest to ask many questions of a sample concurrently (Figure 1.1). Here I
discuss two applications of IHF, in which rare mast cell disorders are examined. In the
first example, programmed death ligand 1 (PD-L1) expression is examined in mast cell
disease where the use of IHF allowed for concurrent cell typing and examination of PDL1 expression. In the second example, we examine the expression of the proliferative
marker, Ki-67, in mast cell disease. Cell culture and animal models have historically
failed to faithfully recapitulate mast cell biology and disease. IHF helps utilize rare tissue
samples of mast cell disease to study the pathophysiology in the context of surgical
pathology assessment. These novel studies give insight to the shortcomings of current
therapeutics and demonstrate the potential for future immunotherapy in mast cell
diseases.
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Figure 1.1. Multiplex IHF looks at five markers simultaneously. Left: Splenic tissue
featuring mast cell infiltrates (arrow) from a patient with mast cell leukemia (MCL), a
rare disorder. Right: Five biomarkers and autofluorescence depicted as individual
channels, separated from main figure on left.
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1.2.1 Multiplex IHF for simultaneous cell typing and antigen analysis
Mastocytosis is a rare disease with heterogenous clinical manifestations ranging from
macular and papular cutaneous mastocytosis (MPCM) in pediatric patients that typically
spontaneously regresses at puberty, to advanced systemic mastocytosis (SM) in adults
with short survival and poor prognosis (George et al. 2017). Advanced SM includes mast
cell leukemia (MCL), aggressive systemic mastocytosis (ASM) and systemic
mastocytosis with an associated hematological malignancy (SM-AHN). These
mastocytoses have in common the proliferation of neoplastic mast cells and activating
mutations of KIT, in particular D816V, which results in constitutive activation of the KIT
gene and downstream signaling pathways (Nagata et al. 1995). Despite an understanding
of the main genetic driver of mastocytosis, few effective therapies are currently available
(Ustun et al. 2016).

Programmed death 1 (PD-1) and its ligands (PD-L1 and PD-L2) are known to protect
tissues from immune-mediated damage, but dysregulation of this epitope pair can also
allow tumor to evade immune destruction (Ostrand-Rosenberg et al. 2014). Novel
antibodies against PD-1 and PD-L1 have been shown to be effective in a variety of solid
tumors (Topalian, Drake, and Pardoll 2011). Recently, expression of PD-L1 in the serum
of mastocytosis adult patients has been shown to correlate with disease status and protein
expression of PD-1 and PD-L1 in SM and CM (Rabenhorst et al. 2016). Higher levels of
serum PD-L1 have been described in patients with advanced SM compared to indolent
SM.

8

We have examined the expression of PD-1 and PD-L1 in a large number of SM and CM
cases, including advanced SM, as well as reactive bone marrows, bone marrows involved
by myeloproliferative neoplasms (MPNs), myelodysplastic syndrome (MDS), and
MDS/MPN, and normal skin controls. We further sought to confirm mast cell coexpression of tryptase and PD-L1 and to examine potential variability within samples
using multiplex IHF staining.

1.3 Multiplex IHF for the study of proliferation in mast cell diseases
Clinical findings indicative of end organ infiltration and damage, also called C-findings,
in aggressive mastocytosis warrant the use of cytoreductive therapies (Valent, Sperr, and
Akin 2016; Arock et al. 2015). These therapies are typically most active against highly
proliferative cell fractions. While normal mast cells are thought to be terminally
differentiated upon exiting the bone marrow (Dahlin and Hallgren 2015), it is not known
to date whether the aberrant proliferation in disease is confined to the bone marrow, the
site of mast cell preliminary maturation, or if it occurs in extramedullary sites or beyond.
Work in the field of veterinary pathology has utilized Ki-67, a proliferative marker
indicative of ongoing cell cycling, to study mast cell disease in animals. These studies
have revealed that in canine and feline cutaneous mastocytosis tumors the degree of Ki67 positivity is correlated with poor prognosis (Webster et al. 2007; Sabattini and Bettini
2010). Efforts to examine extramedullary proliferation in human mast cells have been
limited to peripheral mast cell harvest and culture (Kambe et al. 2001) in the presence of
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stem cell factor (SCF), which potently induces proliferation (Sawai et al. 1999; Okayama
and Kawakami 2006).

Mast cell biology and pathophysiology is difficult to study in vitro, owing to a lack of
available and functional cell lines (Saleh et al. 2014b). As such, researchers and
clinicians rely on immunohistochemical labeling and scoring criteria to both study and
diagnose patient tissue samples. One limitation of this approach is that the proliferation
index of specific cell types is not defined. Here we describe the first evidence that mast
cells retain proliferative capacities systemically, after exiting the bone marrow, with the
use of multiplex IHF. This retention may suggest a vulnerability to chemotherapeutic
agents and hint at a more complex underlying biology than previously understood.

1.4 Quantum dot probes enhance fluorescence microscopy capabilities
(modified from) Vu, T. Q., Lam, W. Y., Hatch, E. W. & Lidke, D. S. Quantum dots
for quantitative imaging: from single molecules to tissue. Cell Tissue Res. 360, 71–86
(2015).

Another scientific inquiry well suited to the strengths of fluorescence microscopy is the
localization and kinetic studies of particles. Other modalities, such as coimmunoprecipitation and proximity ligation assays, are less dynamic and do not capture
the complexities of live cells (Sebastien Courty et al. 2006; Cognet, Leduc, and Lounis
2014; Breger, Delehanty, and Medintz 2015). However, special reagents and techniques
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are needed to resolve processes of this scale. As first described by Ernst Abbe in 1873,
the process of light diffraction introduces a scatter of the waveforms of light that
effectively mask the details of specimen past a certain magnification (Masters 2010).

One of the best known fluorescent probes for high resolution spatiotemporal data are
quantum dots (QDs). In 1998, two papers appeared back-to-back in Science (Bruchez et
al. 1998; Chan 1998) describing the first applications of fluorescent semiconducting
nanocrystals, or quantum dots (QDs), to biological imaging. The critical advance
demonstrated in these papers was the development of water soluble QDs that could be
conjugated to biomolecules for molecular targeting. The studies included the targeting of
QDs to living cells via ligand coupling (Chan 1998) and multi-color labeling of structures
in fixed cells (Bruchez et al. 1998). Since these seminal papers, the application of QDs in
bio-imaging has rapidly expanded to include many modalities that cover multiple time
and length scales, from single molecule to in vivo imaging (Figure 1.2).
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Figure 1.2. QDs are used in a range of biological imaging techniques. a) Single
molecule detection provides high spatiotemporal resolution (TIRF total internal reflection
fluorescence microscopy). Example of two-color QD tracking of QD-labeled epidermal
growth factor (EGF) bound to EGF receptor (EGFR; (Low-Nam et al. 2011)). b) Live cell
imaging captures dynamics of cellular processes. Image shows QD-EGF (red) binding to
EGFR (green) on the surface of an A431 cell (D. S. Lidke et al. 2004). c) QDs used in
immunohistochemistry (IHC) assays allow multiplex imaging (N/A not applicable).
Example of two-color QD-IHC in human spleen tissue with QD-labeled antibodies
against mast cell tryptase (green) and c-Kit (red; image by E.W. Hatch, Lidke
Laboratory). d) QDs can be visualized by in vivo imaging. Image shows simultaneous in
vivo imaging of spectrally distinct QD-encoded microbeads. Image courtesy of X. Gao
(Gao et al. 2004).
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The reason for their widespread use comes from several key advantages that QDs provide
over conventional fluorophores (see Table 1.1). In particular, QDs have high
photostability such that long-term imaging can be achieved without artifacts from
photobleaching. Additionally, the broad absorption spectra and narrow emission spectra
allow for simultaneous excitation of spectrally distinct QDs and easy spectral separation
of emission for multiplex imaging. Many excellent reviews have been published on QD
chemistry and photophysical properties (Michalet WS, Pinaud FF, Bentolila LA, Tsay
JM, Doose S, Li JJ, Sundaresan G, Wu AM, Gambhir SS 2005; Pons, T. and H. 2009;
Giepmans et al. 2006; Pinaud, F., Clarke, S., Sittner, A. & Dahan 2010; Petryayeva,
Algar, and Medintz 2013). QDs have enabled many unique biological imaging
applications, namely high-resolution imaging of protein behavior at the single molecule
level, but also led to major advances in bioconjugation techniques and applications in
correlative light and electron microscopy (CLEM) and super-resolution.
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Table 1.1. Relative comparison of quantum dots (QDs) versus organic fluorophores.
The relative performance level in each category is indicated: best, intermediate, and poor.
1QDs

are larger than organic fluorophores (10–20 nm in diameter). This can lead to steric interference with protein function
and must be carefully tested.
2 Photobleaching can be advantageous for techniques such as fluorescence recovery after photobleaching (FRAP). Organic dye
derivatives have improved photostability (Altman et al. 2012).
3QDs have a large Stoke’s shift and broad excitation into the ultraviolet, allowing for simultaneous excitation of distinct QD
species.
4QDs have narrow emission spectra that fit to a Gaussian profile, making spectral unmixing more straightforward.
5Although peak emission rate of QDs is less than that of organic fluorophores (QDs have a longer fluorescence lifetime), their
high extinction coefficient (ε) and quantum yield (QY) result in higher brightness (ε*QY).
6New fluorescent proteins demonstrate improved brightness (Shaner et al. 2013).
7QDs have a range of conjugation schemes; however, truly monovalent coupling is difficult to achieve.
8Although fluorescent proteins are the only directly genetically expressible fluorophores, a number of small genetically
expressible peptides can be used to target QDs and organic dyes (Regoes and Hehl 2005; Jacquier et al. 2006; Szent-gyorgyi et
al. 2008).
9 The QD core is inherently electron dense, but some organic fluorophores can provide contrast in electron microscopy (Shu et
al. 2011).
10QDs have special requirements for fixation (paraformaldehyde must be used; methanol or cold fixation must be avoided) and
mounting medium (some mounting media lead to QD signal degradation; nonpolar organic-solvent-based reagents are
recommended, see Table 3).
11QDs demonstrate intermittent fluorescence. Groups are working on the generation of non-blinking QDs (Ghosh et al. 2012).
Typically considered a disadvantage in single molecule imaging, although blinking properties have been used in superresolution (D. S. Lidke et al. 2005; Lagerholm et al. 2006; T Dertinger et al. 2009).
12QD probes can be used in techniques that cover all spatiotemporal scales for biological imaging.
13 Photobleaching of organic fluorophores makes longer-term imaging difficult.
14QDs are available in near infrared wavelengths with a high two-photon cross-section and the potential for use as a
theranostic, but concerns exist regarding toxicity.
15 Bright and stable near-infrared fluorescent proteins are being developed (Filonov et al. 2011).
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A single molecule protein behavior of great interest to scientists and clinicians alike is the
dimerization events of cell surface receptors. Surface receptors, such as receptor tyrosine
kinases (RTKs) are crucial gatekeepers of many important cell functions, coordinating
between the local microenvironment and integral internal cell processes such as
proliferation, migration, metabolism and cell cycle events (Lemmon and Schlessinger
2010). Dimerization is a key state that is intimately linked to receptor activity.
Oligomers of proteins may exist prior to ligand binding, as in the case of EGFR, IGF1
and the insulin receptor (Ward et al. 2007) and may exert tonic regulatory signaling.
Many receptors undergo a conformational change or stabilization of conformation with
the binding of a ligand, allowing for altered dimerization. In the case of EGFR, transient
unliganded dimers are detectable, but EGF-liganded dimers are more stable and exhibit
longer lifetimes (Low-Nam et al. 2011). QDs are highly suited to tackle the high
spatiotemporal resolution imaging needed for these studies. This data was obtained with
the use of high spatiotemporal resolution single particle tracking (SPT) methods, in
which single molecules are fluorescently tagged with quantum dots for unhindered
tracking (Dahan et al. 2003; Schwartz et al. 2015).

1.5 Heterodimerization of Epidermal Growth Factor Receptor (EGFR) and
Recepteur d'origine nantais (RON)
Now that many individual receptor homodimerization behaviors have been quantified,
there are many inquiries to be made into promiscuous or heterogenous dimerization
events. Cancer is a natural selective process by which adaptive signaling may rewire
native signaling pathways, making use of non-homologous receptor pairs to diversify and
amplify signals. This is especially important in the context of targeted therapy resistance,
15

as inhibited receptors may interact and transduce signals through associations with uninhibited receptors. The concept of EGFR crosstalk has been cited as a possible culprit in
the circumvention of monoclonal and tyrosine kinase inhibitor therapies. One potential
partner in this crosstalk is RON, another RTK of the Met family. While EGFR/RON
crosstalk as a driver in cancers has been proposed in the literature, attempts to define the
associated molecular mechanisms have eluded the efforts of several important
laboratories. Here I demonstrate the nature of EGFR-RON interactions through the use
of QD SPT.

EGFR, also called erbB1, is a plasma membrane receptor tyrosine kinase that undergoes
homodimerization upon engagement of its ligand EGF. This dimerization initiates
autophosphorylation of the cytoplasmic tails and downstream signaling (Figure 1.3). As
one of the first identified oncogenic drivers, EGFR has been intensely studied. As such,
there is an extensive arsenal of cancer therapeutics aimed at disabling this receptor.
Unfortunately, the rate of relapse of cancers treated with these therapies is high. A
multitude of mechanisms responsible for therapy evasion have been identified including
EGFR mutation (Kobayashi et al. 2005), gene amplification in EGFR or downstream
players, such as map kinase protein kinases (MAPKs) (Rankin et al. 2016), or adaptive
signaling through other pathways (Holohan et al. 2013; Rebecca and Smalley 2014;
Pazarentzos and Bivona 2015). Of increasing interest is the concept of signal crosstalk as
a form of adaptive signaling in which receptors may physically interact, such as through
heterodimerization (Vouri et al. 2016), or through confluence of downstream signals or
regulation mechanisms not otherwise canonical.

16

Figure 1.3. Schematic of EGFR dimerization and signaling cascade. Upon binding of
EGF (blue) EGFR homodimerizes, in a ratio that is ligand concentration dependent,
allowing autophosphorylation of the kinase domain on its C-terminus. These
phosphorylated tyrosine residues allow the binding of downstream effectors, Cbl, Grb2Sos, and PI3K recruitment factors. These initiate other cascades that lead to EGFR’s
characteristic proliferative phenotype (Gan et al. 2010).
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The erbB family of receptor tyrosine kinases, to which EGFR belongs, is well known for
its crosstalk with other receptor pathways and the receptors are well documented to
undergo physical heterodimerization with non-family members, including AXL, IGF1R,
and PDGFRβ. This known crosstalk strongly implicates heterodimerization as a
mechanism of EGFR for adaptive signaling. This characteristic is also suspected of Met
family receptor proteins, an additional potential heterodimer partner of erbBs. RON is a
Met family receptor tyrosine kinase that is suspected of surface interactions with EGFR.
To date, no studies have been able to demonstrate a physical interaction; however our
group suspected the possibility of interaction might be explored with sub-diffraction
limit, QD-based quantitative fluorescence microscopy techniques.

RON is a 180 kDa Met-family receptor tyrosine kinase comprised of a 35 kDa α-subunit
and 145 kDa β-subunit joined by a disulfide bond (Figure 1.4) (Yao et al. 2013). The βsubunit contains many important regulatory domains and a single transmembrane
domain. Current understanding of wildtype RON activation involves the binding of
RON’s ligand, macrophage stimulating protein (MSP), to the semaphorin (SEMA)
domain formed by the α- and β-subunits (Yao et al. 2013). Ultimately this results in a
RON homodimer, bound to MSP, in a 2:1 ratio (Figure 1.4) (Yao et al. 2013). A
multitude of RON isoforms exist as a result of an alternative initiation site, splicing and
post-translational modification, many of which are constitutively active (Ghigna et al.
2005; Moon et al. 2012; Moon et al. 2015; Lu, Yao, and Wang 2007; Yao et al. 2013).
These include variants like short form (SF)-RON, which is initiated at Met193 and
comprised of only exons 11-20 in which the majority of the extracellular domain is

18

absent. Many of the variants are overexpressed and trapped as cytosolic aggregates
where they are constitutively activated and lead to increased tumorigenicity (D. Zhou et
al. 2015; Chakedis et al. 2015; Gaudino et al. 1994).
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Figure 1.4. Schematic of Recepteur d'origine nantais (RON) receptor. Two subunits
(orange), α and β, joined by a disulfide bond (black). This N-terminus, extracellular
region comprises the SEMA domain, which binds the ligand, MSP. Starting distal from
the plasma membrane, the β-subunit contains many important regulatory domains: one
Plexins-Semaphorins-Integrins (PSI) domain (red) (Chao et al. 2012a)and four
Immuglobulins-Plexins-Transcription factor (IPT) domains (purple) (Bork et al. 1999;
Chao et al. 2012b)that is involved in DNA binding as a transcription factor. Next, a
single pass transmembrane domain (green). On the intracellular, C-terminus most
proximal to the plasma membrane inner leaflet is the autophosphorylating tyrosine kinase
domain (Y1238 and Y1239), or activation loop, which is phosphorylated with MSP
binding. Y1353 and Y1369 are conserved in the Met family and phosphorylate with
MSP stimulation to provide binding sites to p85 of PI3K, Grb2-Sos, and Gab1 and may
play a conformation-dependent, autoinhibitory role (Yokoyama et al. 2005).
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Figure 1.5. Schematic of RON dimerization and signaling cascade. Upon binding of
MSP (red) RON homodimerizes allowing autophosphorylation of the kinase domain on
its C-terminus. These phosphorylated tyrosine residues allow the binding of downstream
effectors, Cbl, Grb2-Sos, and Gab1. These initiate other cascades that lead to RON’s
characteristic motility phenotype (Yao et al. 2013).
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RON has been studied as a driver of cell motility since its discovery as a scatter factor
receptor in 1993 (M. H. Wang et al. 1994; Ronsin et al. 1993). This basic motile nature
implicated RON has having a role in metastasis, in which inhibition has slowed migratory
behavior (J. Wang et al. 2009). In the early 2000s, the Waltz group reported biochemical
interactions between RON and EGFR. In transfected cell lines, they were able to
reciprocally co-immunoprecipitate RON and EGFR in the presence and absence of RON
or EGFR ligands, estimating about 20% of EGFR was associated with RON (Peace et al.
2003). Since this time, there have been a number of studies published investigating the
nature in which RON and EGFR interaction. Some investigators hypothesize RON and
EGFR associate through the confluence of downstream pathways (Figure 1.3 and 1.4).
Alternative hypotheses also exist, such co-regulation of cAbl and activation of DNAreplicative effector, PCNA, to promote transcription and cellular proliferation (H. Zhao et
al. 2014) . While the specific nature of interaction is still unknown, co-expression of
RON and EGFR in epithelial cancers has been shown to result in poorer prognosis. Chan
et al. reported a lower event-free survival of patients with recurrent head and neck
squamous cell carcinoma (HNSCC) that coexpressed RON and phospho-EGFR. Hsu et
al. similarly reported RON and EGFR coexpression as a statistically significant indicator
of tumor staging and patient survival (Hsu et al. 2006). Additionally, RON and EGFR
collaboration has been reported in non-small cell lung cancer (NSCLC) (Sharifnia et al.
2014; Villaflor and Salgia 2013), colorectal and gastroesophageal cancers (Catenacci et
al. 2011), pancreatic cancer (S. Zhao, Cao, and Freeman 2013), and transitional bladder
cancer (Hsu et al. 2006). The reported interactions of their respective family members—
Met and erbB—have impact on an even wider cancer profile.
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Met is the better studied prototype of the Met-family RTKs. As such there has been
much more progress made with Met-targeted therapies. Unfortunately, the results of
these clinical trials have been mixed, with success under very specific circumstances (Ye
et al. 2016). However, when applied in combination with EGFR targeting drugs,
researchers reported complete regression of patient-derived gastroesophageal cells
(Apicella et al. 2016) , primary and metastatic tumorgrafts of triple negative breast
cancer (TNBC) (Linklater et al. 2016) or cultured cell of non-small cell lung cancer
(NSCLC) (Sano et al. 2015) xenografts. Advances in the understanding of the basic
biology of Met-family receptors have revealed clinically relevant interactions. These
studies include mechanistic studies that have demonstrated Met homodimerization
(Koschut et al. 2016) and heterodimerization with EGFR (Zhang, Zhang, and Zhao 2016;
Mueller et al. 2010). While RON studies have lagged behind Met, likely due to the
complexity of isoform expression which has had implications for reagent development, it
is probable from the demonstration of the clinical significance of RON expression in
cancers that evidence similar interactions and adaptive signaling between RON and
EGFR will emerge.

One important aspect of the regulation of EGFR signaling is dependent on endocytic
processes, which may proceed through clathrin-mediated or -independent internalization.
After internalization, EGFR may recycle back to the surface through early endosomes or
be sent for degradation through late endosome and lysosomal fusion. Goh et al.
demonstrated that when endocytosis is delayed in EGFR mutants that signal transduction
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of the EGFR pathway is substantially altered (Goh et al. 2010). This group reported that
endocytosis retardation was associated with prolongation of the activated state of
phospho-tyrosine residues 1045 and 1086 on EGFR, pronounced decay of activated pAkt
signal, and an increase in magnitude and lifetime of pErk signaling. As the main
signaling nodes for the PI3K/Akt and MAPK pathways that are well documented in their
contributions to carcinogenesis, it is expected that these alterations may have profound
physiological implications.

The gaps in the literature in the data pertaining to the colocalization of RON with EGFR
include 1) baseline RON kinetic behavior as a monomer and homodimer, 2) evidence of
live cell physical interaction between EGFR and RON at the cell surface, 3) the
synergistic outcomes of this crosstalk. Together these gaps in knowledge emphasize the
necessity of further investigation into EGFR adaptive signaling with clinically actionable
implications. My hypothesis is that RON will exhibit diffusional dynamic changes and
homodimerization in SPT experiments consistent with previously published work
outlining EGFR behavior (Low-Nam et al. 2011). I predict that the HA-RON construct
demonstrates diffusional slowdown in the presence of its ligand, MSP. Additionally I
expect that RON and EGFR will be shown to engage in direct physical interactions (i.e.
dimerization) through high spatiotemporal resolution fluorescence microscopy and that
these interactions alter the extent and duration of downstream signaling events.
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Chapter 2: Materials and Methods
2.1 Cell lines and reagents
A-431 CRL-1555 cells, derived from human epidermoid carcinoma, were purchased from
ATCC (Manassas, VA) and cultured in Dulbecco’s Modified Eagle Medium (10313-021,
Life Technologies) supplemented with 10% (v/v) fetal bovine serum (HyClone), 2mM Lglutamine, and penicillin-streptomycin. Passage number used in experiments did not
exceed 20 passages. Human embryonic kidney (HEK-293) cells were cultured in
Minimum Essential Medium (11095-098, Life Technologies) with the same supplements.
HCT 116 cells were cultured in McCoy’s 5A (Modified) Medium (16600082, Life
Technologies).

Antibodies for immunoblotting against pRON 1238/1239 sc322 (1:500), total RON
sc74588 (1:500), and total EGFR sc365829 (1:500) from Santa Cruz; pan Akt CS2920S
(1:1000), pAKT (Ser473 D9E XP) CS4060S (1:1000), EGFR pY1068 CS22236
(1:1000), EGFR pY1068 CS2236 (1:1000), EGFR pY1045 CS2237 (1:1000), EGFR
pY1148 CS4404S (1:1000), total EGFR CS4405 (1:1000), total EGFR CS2239 (1:1000),
pERK pY-p44/42 MAPK (Thr202/Tyr204) CS4370S (1:1000), total ERK p44/42 MAPK
(Erk1/2) CS4696S (1:1000) from Cell Signaling; actin (Sigma). Biotinylated secondaries
for chromogenic IHC included sc2005 anti-mouse, sc2005 anti-rabbit, and sc2020 antigoat (Santa Cruz Biotechnology) and fluorescent secondaries for multiplex detection
were used in 1:15,000 dilutions (#926-68070 IRDye680RD anti-Mouse and #926-32211
IRDye 800CW anti-Rabbit, Li-Cor, Lincoln, NE).

25

Immunofluorescence antibodies included RON sc322 (1:50, Santa Cruz) and EGFR
sc31156 (1:50, Santa Cruz), directly conjugated anti-HA tag-Alexa Fluor® 488 (1:50,
2350, Cell Signaling Technologies), pRON sc22193 (1:50, Santa Cruz) and clathrin
ab2731 (1:50, Abcam). Fluorescent secondaries included anti-Rabbit DyLight650
ab96894, (1:200, Abcam), anti-goat Alexa Fluor® 488 A11055, anti-mouse Alexa
Fluor® 647 A21237 and anti-rabbit Alexa Fluor® 488 A11070, (1:200, Thermo Fisher).

Antibodies use for receptor calculations by flow included EGFR R-1 sc101 (6
dyes:protein, Alexa Fluor® 647 conjugate, Santa Cruz) and HA-tag 6E2 2350S (9.2
dye:protein, Alexa Fluor® 488 conjugate , Cell Signaling).

Anti-PD-L1 primary antibody SP142 (1:100, Spring Bioscience, Pleasanton, CA)
Tryptase antibody (sc59587X, Santa Cruz Biotechnology, Santa Cruz, CA) was
conjugated directly to AlexaFluor® 647.

Antibodies used in chromogenic IHC by our collaborators included PD-1 (MRQ-22, Cell
Marque, Rocklin, CA) and PD-L1 (E1L3N, Cell Signaling Technology, Danvers, MA).

2.2 Plasmid cloning and generation of stable RON cell line
The donor vector containing RON (MST1R) pDONR223-MST1R was a gift from
William Hahn & David Root (Addgene plasmid # 23942, Cambridge, MA)(Johannessen
et al. 2010). RON was cloned into the expression vector pcDNA3.1/V5-His-TOPO
(Invitrogen) with the addition of a hemagglutinin tag after the signal sequence using
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fusion PCR. This was accomplished by adding an ultimer (large primer) containing a
CACC ligation sequence, RON signal sequence, the HA sequence, a 3 alanine linker, and
the initial RON exon –
CACCATGGAGCTCCTCCCGCCTCAGTCCTTCCTGTTGCTGCTGCTGTTGCCTG
ACAAGCCCGCGGCGGGCTATCCTTACGACGTGCCTGACTACGCCGCAGCAGC
AGAGGACTGGCAGTGCCCGCACA –
as performed in Steinkamp et al. 2013(M. P. Steinkamp et al. 2013). GC-rich protocols
were used throughout the cloning process. Sequence was checked by plasmid digest and
sequencing (Genewiz, South Plainfield, NJ) for accuracy. Transfection of A-431 cells
was performed by electroporation (iPoration-Primax Biosciences, Menlo Park, CA).
Stable transfection was achieved with treatment of 1mg/mL G418 (Life Technologies).
A-431 cells expressing the HA-RON construct were labeled with Alexa Fluor®conjugated antibodies against the HA-tag (Cell Signaling Technologies) and purified with
three rounds of iCyt fluorescence-activated cell sorting. Correct trafficking and
membrane localization of the HA-RON receptor was confirmed with
immunofluorescence staining and imaging on a Nikon TE2000 fluorescence microscope.

2.3 Immunofluorescence Staining
2.3.1 Expression verification
To confirm expression of HA-RON in A-341 cells, cells were seeded on 15 mm2
coverslips overnight, rinsed in PBS and then fixed in 4% paraformaldehyde (Electron
Microscopy Sciences) for 15 minutes at room temperature. After rinsing, cells were
permeabilized with 0.1% (v/v) Triton X-100 in 1% (w/v) bovine serum albumin (BSA,
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Sigma) in 1x PBS (1:10, Gibco) for an additional 15 minutes at room temperature. After
rinsing, cells were blocked with 3% BSA in PBS for 30 minutes at room temperature.
Cells were then incubated with RON (1:50, sc322, Santa Cruz) and EGFR (1:50,
sc31156, Santa Cruz) or primarily conjugated anti-HA tag-Alexa Fluor® 488 (1:50,
2350, Cell Signaling Technologies) for 1 hour at room temperature. Unlabeled primaries
were then incubated with fluorescent secondaries (1:200, ab96894, anti-Rabbit
DyLight650, Abcam; 1:200, A11055, anti-goat Alexa Fluor® 488, Thermo Fisher).
Coverslips were mounted on slides with 6 µL Prolong Gold with DAPI (P36941, Thermo
Fisher). Imaging took place on a widefield epifluorescence microscope Nikon TE2000
equipped with a Nuance Multi-Spectral camera (PerkinElmer, Cambridge, MA) and
software (Version 3.0.2, PerkinElmer), which allows for spectral unmixing of multi-color
images and removal of background autofluorescence. Nikon filters included DAPI
(excitation BP 330nm-380nm, emission LP 420nm), fluorescein isothiocyanate (FITC)
(excitation BP 465m-495nm, emission LP 515nm) and Cyanine5 (Cy5) (excitation BP
620/60nm, emission BA 700/75nm); 20x and 60x objectives were used resulting in 0.5
µm/pixel or 0.1654 µm/pixel, respectively.

2.3.2 Endocytosis and clathrin studies
HA-RON and parental A-431 cells were seeded on 15 mm2 coverslips overnight, then
transferred to humidified chambers and covered with Tyrode’s solution (135 mM NaCl,
10 mM KCl, 0.4 mM MgCl2, 1 mM CaCl2, 10 mM HEPES, 20 mM glucose, 0.1% (w/v)
BSA, pH 7.2). For fluorescently labeled EGF studies, cells were incubated with 5 nM
EGF-tetramethylrhodamine or EGF-fluorescein (E3481 and E3478, Life Technologies)
diluted in Tyrode’s solution for 5 to 10 minutes, as indicated, at 37°C. Following rinsing
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in cold PBS, cells were fixed in 4% paraformaldehyde (Electron Microscopy Sciences)
for 15 minutes at room temperature. After rinsing, cells were permeabilized with 0.1%
(v/v) Triton X-100 in 1% (w/v) BSA (Sigma) in PBS for an additional 15 minutes at
room temperature. After rinsing, cells were blocked with 3% BSA in PBS for 30 minutes
at room temperature before incubations with primary antibodies as indicated for 1 hour at
room temperature and then secondary antibodies as indicated for 30 minutes. Coverslips
were mounted on slides with 6 µL Prolong Gold with DAPI (P36941, Thermo Fisher).

2.3.3 Imaging
Confocal images were acquired sequentially using a 63x/1.40 oil objective on a Zeiss
LSM800 microscope with GaAsP and Airyscan detectors, used in channel mode (Carl
Zeiss, Oberkochen, Germany). Diode lasers used for excitation and imaging
configurations were set for each fluorophore combination as follows: DAPI (405nm ex.,
400-510 nm em.), fluorescein isothiocyanate (FITC) (488 nm ex.,510-620 nm em) and
AF647 (640 nm ex., 656-700 nm em.) or DAPI (405nm ex., 410-546 nm em.), AF488
(488 nm ex., 400-555 nm em.), Rhodamine (561nm ex., 550-640 nm em.), and AF647
(640 nm ex., 645-700 nm em.). Frame sizes were chosen per field of view and images
are reported with scale bars.

2.4 Scratch assay
After conducing 2 rounds of growth curve analysis on parental and HA-RON A-431
cells, 25,000 HA-RON A-431 cells and 65,000 parental A-431 cells were plated in an 96
well IncuCyte plate (4379, ImageLock, Essen Bioscience, Ann Arbor, MI) overnight.
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Uniform scratches were made with the IncuCyte Woundmaker (4493, Essen Bioscience)
and rinsed with fresh media. For 48 hours the wound healing process was monitored by
the IncuCyte Live-Cell Imaging System and software (Essen Bioscience). Images were
compiled into a movie with IncuCyte ZOOM Plate Map Editor 2015A and wound
healing was graphed as a percentage of wound confluence defined by demarcated edges
of the original wound and percent healed.

2.5 Immunohistochemistry
2.5.1 Tissue processing
Tissues were obtained from indicated collaborators who obtained IRB study approval to
harvest, fix and bank tissue specimen. Normal tissues for control comparisons were
obtained under pilot study status from the University of New Mexico (UNM) Human
Tissue Repository (IRB exempt, SRC 014-14-P). Tissue paraffin blocks were sent for 4
μm sectioning and processing onto electrostatically adherent slides at UNM Human
Tissue Repository or TriCore Laboratories.

2.5.2 Chromagenic immunohistochemistry
Deparaffinization and rehydration of paraffin-embedded tissue slices was achieved
through a xylene and ethanol series, followed by a 10 minute incubation in PBS.
Endogenous peroxide activity was blocked with incubation for 30 minutes in 3.0%
hydrogen peroxide at room temperature. After rinsing in PBS, antigen retrieval took
place in a citric acid-based antigen retrieval solution, pH 6 (H-3300, Vector Laboratories,
Burlingame, CA) in a Biocare Medical DC2002 (Concord, CA) decloaking chamber,
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which cycled from room temperature up to 120°C for 5 min. Slides cooled for 30 minutes
to reach room temperature and were rinsed in PBS. Specimens on slides were encircled
by a hydrophobic pen (Sigma) to minimize solution volumes and all subsequent
incubations took place in a humidified chamber. Slides were blocked with 2.5% horse
serum (S-2012, Vector Laboratories) for 20 minutes at room temperature and then
incubated for 1 hour at room temperature with indicated antibodies diluted to
manufacturer’s recommendations in 6% BSA-PBS. After rinsing in PBS, biotinylated
secondary antibodies (Santa Cruz Biotechnology) were diluted 1:200 in 6% BSA-PBS
and incubated for 30 minutes at room temperature. After PBS rinsing, slides were
incubated for 30 minutes at room temperature in VectaStain RTU ABC reagent (PK7100, Vector Laboratories). After a final rinse in PBS, slides were incubated with 3,3’diaminobenzidine (DAB substrate reagent kit, 550880, BD Biosciences, Franklin Lakes,
NJ) for up to 5 minutes and quenched in double distilled water for five minutes. Slides
were then counterstained in hematoxylin (H-3401, Vector Laboratories). Final
dehydration began with water, then 10 dips in 1% acetic acid, 1 minute in 0.2% ammonia
water, and then rinsed in double distilled water. Slides were dipped in serial ethanol
dilutions (80% -100% ethanol) and then slides were cleared in xylene. Cover slips were
mounted with Permount (Fisher Scientific) diluted with xylene to decrease viscosity for
mounting. Slides were imaged within a few days of staining and after curing overnight at
room temperature, were stored at 4°C a protection from light.

Chromagenic IHC studies completed by collaborators T. George et al. were as follows.
Standard immunohistochemical (IHC) staining was performed with the BenchMarkT,
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Ultra (Ventana Medical Systems, Tucson, AZ) using automated antigen retrieval (CC1
enzyme digestion). Slides were scored by a pathologist (TIG) on 0-3+ scale for stain
intensity (0=none; 2+ dim; 3+ strong) and an overall percentage of cells staining positive
was given.

2.5.3 Quantum Dot Immunohistofluorescence (IHF)
The protocol for QD-IHF was adapted from Xing et al. 2007. Deparaffinization and
rehydration of paraffin-embedded tissue slices was achieved through a xylene and
ethanol series, followed by a 10 minute incubation in PBS. After rinsing in PBS, antigen
retrieval took place in a citric acid-based antigen retrieval solution, pH 6 (H-3300, Vector
Laboratories, Burlingame, CA) in a Biocare Medical DC2002 (Concord, CA) decloaking
chamber, which cycled from room temperature up to 120°C for 5 min. Slides cooled for
30 minutes to room temperature and were rinsed in PBS. Specimen on slides were
encircled by a hydrophobic pen (H-4000, ImmEdge, Vector Laboratories) to minimize
solution volumes and all subsequent incubations took place in a humidified chamber.
Slides were blocked with 2.5% horse serum (S-2012, Vector Laboratories) for 20 minutes
at room temperature.

Primary antibodies were either unconjugated, as above, or directly conjugated to QDs
with SiteClick kits (S10251 Qdot® 585 Antibody Labeling Kit, S10452 Qdot® 625
Antibody Labeling Kit, Thermo Fisher). Conjugation utilized antibody Fc domain
glycans through β-galactosidase digestion and a subsequent β-galactosyl transferase
reaction to add azide to revealed GlcNAc residues. Finally, the azide residue is reacted
with a dibenzocyclooctyne (DIBO)-functionalized QD, resulting in a QD-conjugated
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primary antibody. Typical yields were approximately 1.6 – 2.2 μM as determined by
absorbance and were used at a 5 nM concentration. Unconjugated antibodies were
incubated for 1.5 hours at room temperature in 6% BSA-PBS. After rinsing in PBS, QDconjugated secondary antibodies (e.g. Q-11411MP, F(ab')2-Goat anti-Rabbit IgG (H+L)
Secondary, Thermo Fisher) were diluted to 5nM in 6% BSA-PBS and incubated for 30
minutes at room temperature. Directly conjugated antibodies were incubated for 2 hours
at room temperature at this point in the procedure to avoid cross-reaction between species
of the directly conjugated antibody and QD-conjugated fluorescent antibodies. After
PBS rinsing, slides were slides were incubated in 100ng/mL nuclear stain 4',6Diamidino-2-Phenylindole, Dihydrochloride (DAPI, D9564, Sigma) for 5 min before
mounting tissue using Prolong Gold Antifade Mount (Thermo Fisher Scientific, P36930,
Waltham, MA). Final dehydration began with serial ethanol dilutions (30% - 100%
ethanol) and then slides were cleared in toluene, with a 1 minute toluene incubation to
finish. Cover slips were mounted with aqueous mounting media (Thermo Fisher). Slides
were imaged within a few days of staining and after curing overnight at room
temperature, were stored at 4°C a protection from light.

2.5.4 Organic Fluorophore (Alexa Fluor®)-based IHF
Deparaffinization and rehydration of paraffin-embedded tissue slices was achieved
through a xylene and ethanol series, followed by a 10 minute incubation in PBS. After
rinsing in PBS, antigen retrieval took place in a citric acid-based antigen retrieval
solution, pH 6 (H-3300, Vector Laboratories, Burlingame, CA) in a Biocare Medical
DC2002 (Concord, CA) decloaking chamber, which cycled from room temperature up to
120°C for 5 min. Slides cooled for 30 minutes to reach room temperature and were rinsed
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in PBS. Specimens on slides were encircled by a hydrophobic pen (H-4000, ImmEdge,
Vector Laboratories) to minimize solution volumes and all subsequent incubations took
place in a humidified chamber. Slides were blocked with 3% BSA-PBS for 30 minutes at
room temperature.

Unconjugated primary antibodies were incubated for 2 hours at room temperature,
followed by AlexaFluor488-conjugated secondary antibodies (1:200, Thermo Fisher) for
2 hours at room temperature. Antibodies directly conjugated to Alexa Fluor® Dyes were
also incubated for 2 hours, typically after fluorescent secondaries. Briefly, conjugation
was accomplished by incubation of Alexa Fluor® 647-NHS ester and carrier free
antibody at 10:1 molarity in phosphate-buffered saline + sodium carbonate buffer, pH 8.
Free dye was removed by passing the mixture through a size exclusion column (GE #289180-07, PD MiniTrap G-25). Absorbance measurements indicated a 0.92 dye:protein
ratio. After final rinses, nuclei were stained with 4',6-Diamidino-2-Phenylindole,
Dihydrochloride (DAPI; Sigma, D9564, 100ng/mL, St. Louis, MO) for 5 min before
mounting tissue using Prolong Gold Antifade Mount (Thermo Fisher Scientific, P36930,
Waltham, MA). Many of these IHF assays were completed by Cheyenne Martin.

2.5.5 IHF imaging
Widefield images were acquired using an epifluorescence microscope (Zeiss AxioPlan2
or Nikon TE2000) equipped with a Nuance Multi-Spectral camera (PerkinElmer,
Cambridge, MA) and software (Version 3.0.2, PerkinElmer), which allows for spectral
unmixing of multi-color images and removal of background autofluorescence. Nikon
filters included DAPI (excitation BP 330nm-380nm, emission LP 420nm), fluorescein
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isothiocyanate (FITC) (excitation BP 465m-495nm, emission LP 515nm) and Cyanine5
(Cy5) (excitation BP 620/60nm, emission BA 700/75nm); 20x and 60x objectives were
used resulting in 0.5 µm/pixel or 0.1654 µm/pixel, respectively. AxioPlan2 filters from
Zeiss and Semrock included DAPI (excitation BP 365/25nm, emission LP 420nm), FITC
(excitation BP 485/20nm, emission LP 515nm) and Cy5 (excitation BP 628/32nm,
emission LP 665nm); 20x and 63x objectives were used resulting in 0.5 µm/pixel or
0.157 mm/pixel, respectively.

Tiled spectral images were acquired on a Leica SP8 confocal microscope with a 63x 1.4
oil objective in xyλz scan mode, spanning seven xy positions. The pixel size is 180 nm
with a total image area of 184.52 μm x 1290.24 μm. The 405 nm laser diode and the 488
nm and 633 nm lines from the white light laser were used as excitation. Emission was
collected from 430 nm to 700 nm using a 20 nm band and 10 nm step. Control spectra for
unmixing were acquired from single labeled control slides and applied through the LAS
X linear unmixing algorithm. Three z positions were acquired to include the entire
thickness of the tissue sample, which were collapsed into a maximum intensity projection
after spectral processing.

2.6 Single Particle Tracking
2.6.1 Cell treatment for SPT
SPT was conducted as previously described in Low-Nam et al., 2011; Steinkamp et al.,
2014; Valley et al. 2015., HA-RON expressing A-431 cells were plated in Lab-Tek 8well chambers (155411, Thermo Fisher) at a density of 30,000/well and allowed to
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adhere overnight. Prior to imaging, media was exchanged for Tyrode’s solution (135 mM
NaCl, 10 mM KCl, 0.4 mM MgCl2, 1 mM CaCl2, 10 mM HEPES, 20 mM glucose, 0.1%
(w/v) BSA, pH 7.2). Anti-HA-QD were prepared by mixing a 1:1 molar ratio of anti-HAFab biotin conjugate (12158167001, Sigma) and either Qdot® 605 or 655 streptavidin
conjugate (Q10101MP and Q10121MP, respectively, Thermo Fisher) for a final
concentration of 20 nM in 1% (w/v) BSA in PBS. Anti-HA and QD mixtures were
protected from light and tumbled at 4°C for 2 hours. A final concentration of 200 pM of
anti-HA-QD in Tyrode’s buffer was incubated in slide chambers with cells for 15
minutes at 37°C and rinsed well to obtain single molecule density. Imaging was
conducted for up to 15 minutes.

EGF treatment entailed a 30 second incubation with either 50 nM unlabeled EGF
(PHG0311, Invitrogen) or the addition of 50pM QD-conjugated EGF-biotin
(Invitrogen,1:1 stoichiometry, conjugated to QD as above). After adding QD-EGF for 30
seconds, stringent washing of the wells preceded imaging to eliminate background
fluorescence. Imaging was then conducted for up to 8 minutes following either EGF
treatment.

MSP treatment entailed a 5 minute incubation of 20 nM unlabeled MSP (352-MS, R&D
Systems, Minneapolis, MN). No rinsing occurred after ligand addition and cells were
imaged for up to 15 minutes.

36

Where indicated, EGFR kinase activity was inhibited by incubation by adding 1 μM
PD153035 (Tocris Bioscience) in media 2 hours before an experiment. Additionally
PD153035 was added to all reagents thereafter, including Tyrode’s solution and EGF or
MSP solutions.

Where indicated, RON kinase activity was inhibited by incubation by adding 5 μM
BMS777607 (Selleckchem, Houston, TX) to media for 20 minutes. Similarly, RON
inhibition was maintained by adding BMS777607 to all reagents in the RON inhibition
group.

2.6.2 Fluorescence microscopy for SPT
SPT imaging was performed using an Olympus IX71 inverted widefield microscope with
a 60x 1.2 numerical aperture water objective. Physiological temperature (34 - 36°C) was
maintained using an objective heater (Bioptechs, Bulter, PA). Mercury lamp emission
was used to excite QDs via a 436/10 bandpass excitation filter and a 50/50 neutral density
filter in place. Emission was first passed through an OptoSplit image splitter (Cairn
Research) to partition spectrally distinct QD emissions using a 625 nm dichroic and
600/52 nm and 676/37 nm bandpass filters (Chroma, Rockingham, VT) to separate
regions of the EMCCD camera (Andor iXon 887). Additional 1.6x magnification resulted
in a pixel size of 0.1667 μm. Images were acquired at a rate of 20 frames per second for a
total movie length of 1,000 frames.

2.6.3 Fiducial data acquisition and GPU computing
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Calibration readings for gain and offset were taken before each imaging session. Fiducial
calibration images of the channels were acquired initially and then approximately every 2
hours during experiments with a NanoGrid (A00014, Miraloma Tech). Overlay error is
calculated from the root-mean-square error of the Affine transform between two
independent calibration images(Valley et al. 2015). Typical overlay error was
approximately 11 nm.

GPU computing was used as described in Smith et al, 2010. Matlab (MathWorks, Natick,
MA) was used for image processing and analysis in conjunction with DIPImage (Delft
University of Technology, Netherlands). The precision of individual QD localizations
was calculated using the Cramér Rao Lower Bound (R. a Smith and Giorgio 2009);
average localization precision was approximately 14 nm.

2.6.4 Diffusion coefficient calculations
Following receptor localization as previously described (C. S. Smith et al. 2010),
diffusion analysis is computed (de Keijzer et al. 2008; Low-Nam et al. 2011) using either
cumulative probability analysis (CPA) or mean square displacement (MSD). For CPA
plots, trajectories are analyzed by squared displacement (r2, where ∆t = 3 seconds) and
fitted using a cumulative distribution function of the squared displacements to arrive at a
diffusion coefficient, D, describing the particle’s lateral motion. Error is reported as 95%
confidence intervals for the two-component CPA fits (de Keijzer et al. 2008). MSD
analysis of trajectories was conducted by fitting the first five points of the MSD curve;
MSD = offset +4D1-5∆t (Kusumi, Sako, and Yamamoto 1993).

38

2.6.5 Correlated motion analysis
Correlated motion analysis was previously described by Andrews et al., 2008. This
entails measuring the magnitude of receptor displacement, called the jump magnitude,
and the degree of correlation of the pairwise displacement, called the uncorrelated jump
distance. For dimerized receptors, plotting these values should demonstrate a decrease in
displacement with a decrease in separation distance between the receptors.

2.6.6 Dimerization kinetics determined by Hidden Markov Model analysis
Dimer events are assessed by a three-state hidden Markov model (HMM) as previously
described(Low-Nam et al. 2011; M. P. Steinkamp et al. 2013) in which a receptor may
occupy one of three discrete states – dimerized, co-confined, or freely diffusing. A
receptor’s interaction state is depicted in a Viterbi plot(Forney 1972). By using
maximum likelihood analysis over all receptor interactions, a set of kinetic rate constants
and their standard errors were calculated.

2.7 Immunoblotting
Cells were plated in 60 mm tissue culture dishes (Corning, NY) and grown to
approximately 80% confluency. Cells were pretreated with inhibitors before stimulation
with ligands, as indicated. Rinsing with cold PBS preceded lysis with NP-40 lysis buffer
(150 mM NaCl, 50 mM Tris, 1% NP-40) with 1x Halt Protease and Phosphatase inhibitor
(78446, Thermo Fisher) on ice for 20 minutes. Lysates were cleared by centrifugation at
13,600 g for 20 minutes at 4°C. Protein concentration was determined by BCA assay
(Pierce, Rockford, IL) and 30 μg-60 μg of protein was resolved on a 4-15%
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polyacrylamide gel (BioRad, Hercules, CA) and transferred to a nitrocellulose membrane
(iBlot2 transfer system, Life Technologies). Membranes were blocked for 30 minutes in
either 3% (w/v) BSA-TBS or 3% (w/v) dry milk-TBS per manufacturer’s specifications,
with agitation at room temperature, after which membranes were probed overnight at 4°C
with agitation with indicated antibody cocktail. Fluorescent secondaries were used for
multiplex detection (#926-68070 IRDye680RD anti-Mouse and #926-32211 IRDye
800CW anti-Rabbit, Li-Cor, Lincoln, NE) and were imaged on an infrared fluorescence
scanner (Odessey FC, Li-Cor) and analyzed with Image Studio v5.2 (Li-Cor).

2.7.1 Early time-point phosphokinetics

The protocol was designed after Hsieh et al., 2010 (Hsieh et al. 2010). Cells were plated
in 60mm tissue culture dishes (Corning, NY) and grown to approximately 80%
confluency. Unstarved cells were stimulated with 50 nM of EGF (PHG0311, Invitrogen)
for 30 seconds, 1, 2, 5, 10 minutes at 37°C or left untreated for baseline controls. At
indicated time points, the media was aspirated and cells were rinsed with cold PBS,
which was again aspirated before the plate was floated on liquid nitrogen for 5 seconds.
The plate was allowed to warm before harvest and lysis with NP-40 lysis buffer with 1x
Halt Protease and Phosphatase inhibitor (78446, Thermo Fisher) on ice for 20 minutes.
Lysates were cleared, denatured, and blotted as above.

2.7.2 Late time-point phosphokinetics

The protocol was designed after Goh et al., 2010(Goh et al. 2010). Cells were plated in
60mm tissue culture dishes (Corning, NY) and grown to approximately 80% confluency.
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Cells were starved for 1 hour in “binding media” 0.1% (w/v) BSA in serum-free media.
Next cells were stimulated with 1nM of EGF (PHG0311, Invitrogen) for 5, 15, 30, 60,
and 120 minutes at 37°C or left untreated for baseline controls. Cells were rinsed with
cold PBS after treatment, and lysed with EDTA, PMSF, NP-40 lysis buffer (150mM
NaCl, 50mM Tris, 1%NP-40, 5mM EDTA, 1mM phenylmethylsulfonyl fluoride) with 1x
Halt Protease and Phosphatase inhibitor (78446, Thermo Fisher) on ice for 20 minutes.
Lysates were cleared, denatured, and blotted as above.

2.8 BLItz Affinity Analysis
C-terminal truncated proteins (extra cellular domain (ECD) plus the transmembrane
domain (TMD) of EGFR and RON) for affinity analysis were obtained as follows. The
ECD+TMD of RON N-terminally tagged with a flag-tag and the ECD+TM of the EGFR
N-terminally tagged with an HA-tag, were inserted into the pCTAP vector (Stratagene) to
express proteins with a streptavidin binding peptide (SBP) and calmodulin binding
peptide (CBP) at the C-terminus. Tagged proteins were stably expressed in Human
Embryonic Kidney (HEK) cells, sorted on an iCyt sorter using Alexa488-conjugated antiFlag or anti-HA antibodies and maintained in MEM media +10% FBS, 1% L-glutamine
and penicillin-streptomycin supplemented with 1 mg/ml G418. Cells were seeded in six
T175 flasks and grown to 85% confluency for protein extraction. Cells were washed in
1X PBS, scraped off flasks, and spun down to pellet. Cell pellet was lysed on ice with a
Triton/glycerol lysis buffer (20 mM Tris, 400 mM NaCl, 10% glycerol, 1% Triton, 1 mM
EDTA) with 1x Halt Protease and Phosphatase inhibitor (78446, Thermo Fisher) and
incubated on ice for 1 hour. Lysate was frozen at -80 and thawed on ice to improve lysis.
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Lysates were then cleared by centrifugation at 11,000 rpm for 20 minutes at 4°C. Before
binding to streptavidin beads, EDTA and β-Mercaptoethanol are added to a final
concentration of 2mM and 10mM respectively. Protein binding and elution was
performed as detailed in the InterPlay Mammalian TAP System kit (Stratagene) for
purification with streptavidin resin. Briefly, to bind the protein to the streptavidin beads,
lysates are incubated with streptavidin resin slurry (Thermo Fisher) that was pre-cleared
in streptavidin binding buffer (TAP System kit, Stratagene) with 3.5 µL of 14.4 M βMercaptoethanol and 50 µL of 1x Halt Protease and Phosphatase inhibitor (78446,
Thermo Fisher). After rinsing the beads with streptavidin binding buffer, protein were
eluted with streptavidin elution buffer (TAP System kit, Stratagene) containing free
biotin and 0.1% Triton for 30 minutes on a nutator at 4°C. The resin was pelleted by
centrifugation and the supernatant was concentrated in a 50 kDa concentrator
(UFC905008, Amicon Ultra15, EMD Millipore) to yield the final purified proteins.

His-tagged macrophage stimulating protein (MSP-His) was obtained by expressing the
Human MSP ORF mammalian expression plasmid, N-His tag (Sino Biological, Wales,
PA) into HEK cells. Transfection was on 5 million HEK cells with 8 μg plasmid (1.6
μg/million cells) performed by electroporation (AMAXA Nucleofector II, Lonza,
Walkersville, MD) in Solution V with protocol Q001. Stable transfection was achieved
with treatment of 100 μg/mL Hygromycin B (Thermo Fisher). MSP-His HEK cells were
grown in Modified Eagle’s Media (MEM, 11095-098, Life Technologies,) supplemented
with 10% (v/v) fetal bovine serum (HyClone), 2mM L-glutamine, and penicillinstreptomycin. Cells were seeded in a 75 mm tissue culture flask (Sigma) and grown to
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approximately 80% confluency. Prior to media harvest, cells were serum starved in 0.1%
FBS for 24 hours. Collected media was then centrifuged at 1000 g for 5 minutes to
remove cells. The supernatant was then filtered with 0.2 µm filter (SCGP00525, Steriflip,
EMD Millipore, Billerica, MA). The filtrate was then concentrated with 50 kDa
concentrator (UFC905008, Amicon Ultra15, EMD Millipore) and then purified under
native conditions on a nickel bead column (#45-0055, Probond, Invitrogen). The final
concentration was verified through immunoblot against MSP (AF352, R&D Systems).

Affinity analysis was performed on purified RON and EGFR proteins or un-reduced total
cell lysate in NP-40 lysis buffer (150 mM NaCl, 50 mM Tris, 1% NP-40). For purified
RON and EGFR proteins, a streptavidin biosensor tip (fortébio, Pall Life Sciences) was
hydrated in kinetic buffer reagent (fortébio, Pall Life Sciences) before being loaded into
BLItz System (fortébio, Pall Life Sciences). The advanced kinetics protocol was used on
the BLItz software and an initial baseline was taken from kinetics buffer for 30 seconds
before loading 500 nM of EGF-biotin (Invitrogen) for 120 seconds. Following another
baseline reading, the tip was immersed in 4mM desthiobiotin (Sigma) for 120 seconds to
saturate unbound streptavidin. Another baseline reading was taken in kinetics buffer for
30 seconds before loading a 1:10 dilution of purified receptor-SBP for 120 seconds for
association reading. Dissociation was read for 120 seconds in kinetics buffer. The final
outputs were graphed in Excel 2010 (Microsoft, Redmond, WA).

Affinity assays for RON cell lysates differed from the protocol above, in that a nickel
biosensor tip was used to immobilize MSP-His protein instead of a streptavidin tip and
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association readings were taken from full length, wildtype RON (fl-RON) HEK cell
lysate or HA-RON A-431 cell lysate. Purified EGFR protein served as a negative control.

2.9 Transmission Electron Microscopy of Native Membrane Sheets (“Rip-Flip”)

Rip-flip assays were performed as previously reported (Wilson et al. 2007). A-431
parental and A-431-HA RON cells were plated on glass coverslips and grown to
approximately 70% confluency. Formvar- and carbon-coated nickel finder grids
(G200F1-Ni, Electron Microscopy Sciences, Hatfield, PA) were glow-discharged
(EMS150T ES) and then coated with 1mg/mL poly-L-lysine (P-1524, Sigma) for 30
minutes at room temperature. Samples on coverslips were pre-treated with 1 uM
PD153035 for 2 hours as indicated, followed by treatment with 50 nm EGF for 2 minutes
or 5 μm MSP for 5 minutes, and briefly fixed in 0.5% paraformaldehyde (Electron
Microscopy Sciences). The coverslip was flipped, cells down, onto the grids and
pressure was applied to adhere apical cell membranes before removing the coverslip
(“rip”). Samples were fixed with 2% paraformaldehyde in HEPES buffer (25 mM Hepes,
25mM KCl, 2.5 mM Mg Acetate). The cytosolic surface of the membrane sheet was
labeled with (10 μg/mL in 0.1% bovine serum albumin) of primary antibodies to the Cterminus of either RON (sc322, Santa Cruz) and EGFR (sc31156, Santa Cruz) for 1 hour
at room temperature. After rinsing thoroughly, secondary antibodies conjugated to
colloidal gold (1:20, 6 nm anti-rabbit for RON and 12 nm anti-goat for EGFR, Jackson
ImmunoResearch) were incubated for 30 minutes at room temperature. Post-fixation
occurred in 2% glutaraldehyde (Electron Microscopy Sciences) for 20 minutes. Grids
were then negatively stained with 0.3% tannic acid for 1 minute and 2% uranyl acetate
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for 9 minutes. Samples were prepared and imaged by Rachel Grattan on a Hitachi 7700
Transmission Electron Microscope. Image J (NIH, Bethesda, MD) was used to crop
images and extract the XY coordinates of the gold particles with the ParticlePicker plugin
(available at http://stmc.health.unm.edu/tools-and-data/index.html). Custom “Gold code”
Matlab (MathWorks) scripts were used to quantify particle number and distribution, and
the computation of Hopkins and bivariate Ripley’s statistics. Co-cluster analysis were
also performed, where the number of RON particles localized within 50 nm of an EGFR
were identified and the number of EGFR particles localized within 50 nm of Ron were
identified (available at http://stmc.health.unm.edu/tools-and-data/index.html ). The
custom Matlab script “RCluster” quantified the homocluster size distribution for each
protein of interest.

2.10 Flow Cytometry
2.10.1 Cell surface expression
To determine levels of surface expression of receptors on the parental and RONtransfected A-431, first 500,000 cells of each cell line were placed in conical tubes. For 1
hour on ice cells were incubated with a range of concentrations of directly conjugated
fluorescent antibody against EGFR (Alexa Fluor® 647 (R-1), sc-101, 6 dyes:protein,
Santa Cruz) and RON (HA-tag (6E2) Mouse mAb Alexa Fluor® 488 conjugate, 2350S,
9.2 dye:protein, Cell Signaling). This resulted in a series of final antibody concentrations
of 0, 1.25, 5, and 10 µg/mL in complete media. Fluorescent calibration beads (Quantum
Alexa Fluor® 647 and 488 MESF Kits, Bangs Laboratories, Fishers, IN) were used in
serial dilution to create a standard curve for each AF647 and AF 488 to which cell
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fluorescence could be compared. Flow cytometry was done on the LSR Fortessa and
analysis was computed on the FACSDiva v 6.2 (BD Biosciences, San Jose, CA).

2.10.2 Endocytosis
To determine endocytosis rates and quantify numbers of receptors internalized, flow
cytometry was performed. HA-RON and parental A-431 cells were trypsinized and
resuspended at a concentration of 10 million cells/mL in Tyrode’s solution. After
removing 1 mL of cells for a baseline fluorescence measurement, remaining cells were
then mixed with EGF-fluorescein (E3478, Life Technologies) to a final concentration of
10nM. One mL volumes of cells were then removed at 5, 10, and 20 minutes and divided
into two aliquots. One 500 µL sample was rinsed in acid buffer (0.5M NaCl, 200mM
acetic acid, diH2O, pH 2.7) on ice for 5 minutes while the other 500 µL sample from the
same time point was rinsed in cold PBS only and left on ice for 5 minutes. Cells were
then spun down for 5 minutes at 1500g at 4°C, resuspended in cold PBS, spun down, and
then resuspended in 4% PFA for 10 minutes at room temperature. A large excess of PBS
was added to the cell-PFA suspension before the final spin and resuspension in 500 µL
PBS for flow analysis. Data was acquired using an Accuri flow cytometer C6 (BD
Bioscience, San Jose, CA) and analyzed with accompanying software before plotting in
Excel 2010 (Microsoft).

2.11 mRNA RT-PCR
In order to assess the amount of endogenous EGFR mRNA in parental A-431 and HARON A4-431 cells, both flasks of each cell line were trypsinized and then aliquoted into
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10 million cells. The NucleoSpin RNA Plus kit (740984.50, Macherey-Nagel,
Bethlehem, PA). was used to extract total RNA from cell lysate, followed by the
NucleoTrap mRNA kit (740656, Takara Bio, Shiga, Japan) for mRNA enrichment.
Reverse transcription was achieved with SuperScript IV First-Strand cDNA Synthesis
(18091050, Thermo Fisher) and utilized random hexamers methodology. Finally PCR
amplification of cDNA was achieved by using primers targeting a 2689 bp EGFR
fragment and a 583 bp housekeeper gene fragment (RPLPO) for internal control and
normalization. 250 ng and for serial 10x dilutions were made of the cDNA from both cell
lines and run for 13 thermocycles. Bands were resolved by electrophoresis on a 1.2%
agarose gel, which was incubated in GelGreen Nucleic Acid Stain (Biotium, Fremont,
CA) for 1 hour before imaging on a BioRad ChemiDoc.

2.12 Statistical Analysis
For EM experiments, a minimum of five images were analyzed for particle counts and
cluster sizes. Bar graphs display means with standard deviation indicated by error bars.
Comparisons between treatments for cluster sizes were made using single factor analysis
of variance (ANOVA) to determine whether particle and data counts differed
significantly. When significant differences were found, post hoc Tukey’s method was
used to determine which groups contributed the significant difference.
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Chapter 3: Results – Quantum Dots Provide Enhanced Quantitative Capabilities for
the Study of Protein Dynamics and Localization

(modified from) Vu, T. Q., Lam, W. Y., Hatch, E. W. & Lidke, D. S. Quantum dots for
quantitative imaging: from single molecules to tissue. Cell Tissue Res. 360, 71–86
(2015).

3.1 Introduction
Since their introduction to biological imaging, quantum dots (QDs) have progressed from
a little understood, but attractive technology to one that has gained broad application in
many areas of biology. This review provides an update on how the unique properties of
these fluorescent nanoparticles have been used in the areas of single QD tracking, in vitro
and in vivo model systems, and multi-color QD immunohistochemistry. The current state
of bioconjugation techniques, correlative light and electron microscopy and superresolution are also discussed.
3.2 QD-enabled studies of single molecule behavior in living cells
Elucidating complex biological phenomena requires approaches that reveal the dynamic
behaviors and organization of molecules in living systems. QD single particle tracking
(QD-SPT) represents a powerful method for probing the dynamics of these individual
proteins of interest in living cells with high spatial and temporal resolution. This
capability is afforded by their high photostability and brightness that is superior to
conventional fluorophores (fluorescent proteins and organic dyes). These advantageous
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properties overcome difficulties in photobleaching that limit fluorophore imaging time
allowing for acquisition of biological events over long timescales and contribute to the
QD’s utility as an ultrasensitive detection probe for SPT. Moreover, QD-SPT makes
quantifiable dynamic information regarding diffusional properties, co-localization, and
spatial and temporal heterogeneity of molecules inside living cells that conventional
fluorescence and biochemical methods cannot capture (Courty et al. 2006; Cognet,
Leduc, and Lounis 2014; Breger, Delehanty, and Medintz 2015).

The method of QD-SPT proceeds through multiple steps. Briefly, the first step involves
generating a QD probe targeting the molecule of interest. A number of strategies are
available for targeting QDs to bio-molecules of interest in living cells (Medintz et al.
2005; Petryayeva, Algar, and Medintz 2013). Second, once the QD probe is generated, a
series of validations must be conducted to confirm that the QD probe binds with
specificity to its cellular target and its function not sterically hindered by QD size.
Specificity of binding should be validated by comparing cellular labeling of QDs with
and without components necessary for binding, e.g. streptavidin-QDs alone versus
streptavidin-QDs coupled to the biotinylated targeting molecule. Methods for validating
retention of biological function include comparing QD-labeled versus fluorescent dyelabeled (Cy3, Alexa, FAP) targets and/or gold particle probes to ensure similar diffusion
properties (Dahan et al. 2003; Bannai et al. 2007; Groc et al. 2007; Schwartz et al. 2015)
measurement of protein signaling activity with QDs tagged to either ligand or protein (D.
S. Lidke et al. 2004; Andrews et al. 2008) measurement of cellular activity such as cell
outgrowth and survival with and without QDs (Cui et al. 2007; Vermehren-Schmaedick
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et al. 2014), and comparison of internalization kinetics in receptors pre-labeled with QDs
to receptors post-labeled with QDs following fixation (Fichter et al. 2010). Following
labeling and validation of the QD probe, a sequence of fluorescence images are acquired
in time lapse to capture the biological event. The temporal resolution achieved through
this acquisition will usually be limited by the camera readout time rather than by the
brightness of the probe (Courty et al. 2006). Finally, biological information is extracted
from the recorded trajectories through single particle tracking to yield measurements such
as diffusion coefficient and velocity that inform dynamic information about the molecule
of interest (Bannai et al. 2007). A variety of commercial (IDL - Research Systems,
Boulder, CO), customized, and open source software (ImageJ plugins such as Particle
Tracker, Manual Tracking) are available for conducting single QD tracking. Subsequent
biophysical analyses of the data include computing molecular dynamic information of
free and confined diffusive processes (Dahan et al. 2003; D. S. Lidke et al. 2005; Bannai
et al. 2007; Crane et al. 2008; J. C. Chang et al. 2012), molecular state changes such as
dimerization dynamics including dimer status, rates of dimerization, and dimer diffusivity
(Chung et al. 2010; Low-Nam et al. 2011), and receptor protein trafficking dynamics
(Pierobon et al. 2009; Valentine, Verkman, and Haggie 2012). Through the capabilities
afforded by the sensitivity of QD-SPT, many groups have exploited the potential of QDs
to unravel complex biological processes previously not possible. We highlight examples
demonstrating recent work in the use of QD-SPT for tracking extracellular and
intracellular protein targets.
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Figure 3.1. Single and multi-color QD tracking of extracellular and intracellular
molecular processes. a) Single QD tracking reveals heterogeneous trafficking dynamics
of brain-derived neurotrophic factor (BDNF)-TrkB receptor transport in neurons. Left
Receptor trajectory overlaid on widefield cell image (gray; WGA wheat germ agglutinin).
Right Magnified view of trajectory showing region of confinement. Images from
Vermehren-Schmaedick et al. 2014; reprinted, with permission of the investigators
(Vermehren-Schmaedick et al. 2014). b) Multicolor QD tracking of EGFRs by using
hyperspectral microscopy allows the tracking of up to eight spectrally distinct QDs. Left
Trajectories of selected QDs overlaid on hyperspectral image. Right Particle trajectories
plotted over time corresponding to the regions boxed (1–3; left). Color map (right)
indicates QD emission peak. Images from Cutler et al. 2013; reproduced, with permission
of the investigators (Cutler et al. 2013).
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Table 3.1. Example of targets for QD single particle tracking. (Abbreviations: CFTR
cystic fibrosis transmembrane conductance regulator, AQP aquaporin, OAP orthogonal
array of particles, PDX pancreatic duodenal, homeobox, EGFR epidermal growth factor
receptor, WGA wheat germ agglutinin, NGF nerve growth factor, BDNF brain-derived
neurotrophic factor, NA not applicable).
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QDs have served as a powerful tool for single particle tracking of membrane and
cytoplasmic targets in a number of live cell studies (Figure 3.1, Table 3.1). The
accessibility of membrane targets for QD labeling makes them ideal targets for QD
tracking. Since the initial papers demonstrating QD tracking of membrane receptors
(Dahan et al. 2003; D. S. Lidke et al. 2004), a wide variety of membrane proteins have
been studied using live cell QD single particle tracking. These include dissecting the
dynamic behavior of membrane bound targets such as receptors, channels, transporters,
and membrane components. The first single QD tracking experiments (Dahan et al. 2003)
revealed the lateral diffusion of glycine receptors in living neurons for up to 20 minutes,
and that these diffusion behaviors varied in different synaptic domains. Here we list
recent examples of the use of QDs for understanding the dynamic properties of other
membrane bound components such as membrane receptors, lipid raft constituents, and
water channels (Crane et al. 2008) in a variety of neuronal and epithelial cell systems.
These include studies of the cystic fibrosis transmembrane conductance regulator (CFTR)
that revealed the previously uncharacterized immobile behavior due to C-terminal PDZ
interactions (Haggie et al. 2006) and tracking of the aquaporin water channels that
demonstrated non-anomalous diffusion (Crane and Verkman 2008). Chang et al were
able to study the diffusion properties of lipid rafts by attaching QDs to the lipid raft
constituent GM1 ganglioside and revealed that lipid rafts demonstrate lateral confinement
that persist on similar time scales to signaling of raft-associated proteins, offering support
for the role of lipid rafts as a possible signaling platform (J. C. Chang and Rosenthal
2012). In another study, the same group employed the use of antagonist-conjugated QDs
for the study of serotonin transporter and found that populations of the transporter
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residing in cholesterol and ganglioside GM1-enriched microdomains displayed restricted
mobility in comparison to the freely diffusing population of transporters not localized to
these regions; these findings suggest a role for membrane microdomains in aspects of
transporter regulation (J. C. Chang et al. 2012). Altogether, these elegant studies serve to
demonstrate the unique capability of QDs to explore the dynamic contributions of
complex biological systems.

New studies have also focused on tracking membrane protein trafficking, or the
movement of specific proteins from the extracellular surface to intracellular environment
in cells. Two areas of research include QD tracking of epidermal growth factor receptors
(EGFR) and neuronal growth factor receptors. In neuronal systems, QDs have been most
readily utilized in the study of binding and transport of neuronal receptor complexes such
as nerve growth factor (NGF)-TrkA and brain-derived neurotrophic factor (BDNF)-TrkB
(Figure 3.1a) (Cui et al. 2007; Rajan, Liu, and Vu 2008; Vermehren-Schmaedick et al.
2014). In EGF receptor systems, Lidke et al demonstrated the first instance of the use of
QDs for studying EGFR endosomal trafficking and found that EGFR is trafficked to the
cell body along filopodia in a retrograde manner (D. S. Lidke et al. 2004; D. S. Lidke et
al. 2005). Since this study, a number of other groups have exploited the use of QDs for
exploring other aspects of EGFR dynamic behavior including drug effect on EGFR
endosomal trafficking duration (Li et al. 2012), motility of early endosomes transporting
EGFR as cargo (Zajac et al. 2013), and dimerization activity of liganded and unliganded
EGFR in different spatial contexts (Chung et al. 2010). QD-enabled studies of NGF
axonal transport using biotin-NGF and streptavidin-QDs has been able to uncover
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previously unrecognized “stop-and-go” motions of NGF during retrograde transport (Cui
et al. 2007), as well as to study the diffusive and active transport dynamics of NGF
endosomal trafficking (Rajan, Liu, and Vu 2008). Similar use of BDNF-QDs enabled
study of the cytoplasmic trafficking dynamics of BDNF-TrkB endosomes and revealed
that BDNF undergoes a combination of rapid and directed motions, interspersed with
circuitous meanderings in the cell body that are characterized by mobile and immobile
phases (Vermehren-Schmaedick et al. 2014). The use of QDs for tracking biomolecules
that move from the cell surface into the cell cytoplasm also includes non-receptor targets
such as viral particles (S.-L. Liu et al. 2012), and lectins (S. Liu et al. 2011). The
application of QDs will likely continue to further expand in the near future to other
extracellular and extracellular/intracellular targets.

While QDs have experienced a growth in their application for the study of extracellular
targets, the use of QDs for the study of intracellular targets remains an area of slower
growth due to the technical challenge of QD delivery into the cell interior. Despite these
challenges, several groups have demonstrated successful targeting of QDs to intracellular
targets. Studies have used non-specific membrane fusion to deliver endocytosed QDs
into the cell interior. For example, in early work, Nan et al used tracked motor proteins
transporting QD-endocytic cargoes to measure with high spatial resolution the 8 nm steps
taken by microtubule motors in the plus- and minus-end directions (Nan et al. 2005).
Using a different technique to deliver QDs directly into the cytosol and bypass endocytic
routes, Courty et al tracked QD-conjugated kinesin, enabling single molecule
characterization of the dynamics of individual intracellular kinesin (Sebastien Courty et
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al. 2006). QDs have also been used to probe exclusively intracellular events such as
transport of QD-cargoes through the nuclear pore complexes (Lowe et al. 2010), fluid
flow in lamellipodia through non-specifically delivered QDs (Keren et al. 2009), and
diffusion of QD-mRNA in interchromatin regions (Ishihama and Funatsu 2009).

These and other studies have adopted a variety of strategies for introducing QDs into the
cytosol, these include: (i) passive delivery, (ii) facilitated delivery, and (iii) active
delivery of QDs into the cytosolic environment. Passive delivery of QDs occurs through
induction of endocytic uptake through the inherent physical properties (surface coating
and charge) of QDs (Nan et al. 2005). Facilitated delivery of QDs occurs through
association of the QD with a peptide or protein to promote intracellular uptake (Derfus
and Chan 2004; Hild, Breunig, and Goepferich 2008; Delehanty, Mattoussi, and Medintz
2009), or through use of methods such as pinocytosis (Sebastien Courty et al. 2006), and
transfection reagents (H. Xu et al. 2013). Recent application of active delivery of QDs
into the cellular environment include methods such as electroporation (Keren et al. 2009),
microinjection (H. Xu et al. 2013), as well as novel methods such as photothermal
nanoblade delivery (Jianmin Xu et al. 2012). While successful cytosolic delivery of QDs
has been demonstrated, ensuring QD nonspecific binding in the absence of functional
modification in these systems still remains a challenge. Attempts to demonstrate specific
binding and functional integrity include comparing kinetics and behaviors of delivered
QD-conjugates that are functionally versus non-functionally competent; for example,
intact kinesin-QD conjugates versus denatured kinesin-QD conjugates (Sebastien Courty
et al. 2006) and QD conjugates with and without domains necessary for nuclear import
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(Lowe et al. 2010). While strides have been made in strategies for cytosolic delivery of
QDs, continued development of targeting strategies that improve delivery efficiency and
specificity while retaining molecular function is necessary for exploring in greater detail
the complex biological processes that occur inside cells.

3.3 Multi-color single QD tracking
Often in biological studies it is valuable to visualize protein behavior with respect to
other proteins or their environment. The large Stokes shift of QDs makes them a good
choice when imaging simultaneously blue shifted organic dyes or GFP. For example,
using two-color TIRF microscopy, the motion of individual QD-labeled IgE receptors
was tracked with respect to the landscape of the membrane proximal actin bundles,
labeled by GFP-actin (Andrews et al. 2008). Simultaneous imaging of the receptor and
actin provided direct proof of the ability of actin to restrict membrane protein motion.
Consistent with the actin corral hypothesis, the long QD tracks allowed for
characterization of IgE receptor mobility when near actin and showed that the receptor is
deflected by the actin boundary.

Due to their broad absorption spectra and narrow emission spectra, QDs are also ideally
suited for multi-color imaging at the single molecule level. Two-color single QD
tracking is relatively easy to achieve using a beam-splitter to separate the emission into
separate spectral channels. Simultaneous imaging of distinctly tagged proteins allows for
visualization of protein-protein interactions at the single molecule level. For example,
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homodimerization of the EGFR, erbB2 (HER2) and erbB3 (HER3) have been captured
and quantified on live cells (D. S. Lidke et al. 2005; Low-Nam et al. 2011; Mara P
Steinkamp et al. 2014). Labeling different protein species with spectrally distinct QDs
also allows for the direct comparison of protein diffusion or capturing of heterodimer
interactions (Low-Nam et al. 2011; Mara P Steinkamp et al. 2014). You et al have used
pair correlation of dual-color imaging experiments to monitor QD-labeled IFNa2 binding
to its receptor, IFNAR2, and the recruitment of STAT2 to IFNAR2 (You et al. 2010).
Torreno-Pina et al have used two-color single QD-tracking as part of a study to examine
the role of glycans in micropatterning of the plasma membrane (Torreno-Pina et al.
2014). By comparing mobility and protein interactions between DC-SIGN and a mutant
that is not glycosylated, they found that glycan-mediated interactions did not lead to
higher order clustering. However, glycosylated DC-SIGN exhibited more restricted
mobility and these glycan-based interactions are important in regulating DC-SIGN
interactions with clathrin (Torreno-Pina et al. 2014).

Typically, experiments focus on two-color tracking due to technical limitations of using
beam-splitters to separate the emission light into independent channels. Recently, several
groups have developed methods for higher multiplexing capabilities. Lagerholm and
colleagues have described a four-color beamsplitter approach that allows for the
simultaneous tracking of four distinct QD species (Arnspang, Brewer, and Lagerholm
2012). Recently, Clausen et al used this technology to simultaneously track three
independent membrane components – CD59 (a GPI anchored protein), EGFR (a
transmembrane protein) and GM1 (a lipid). Tracking of each species demonstrated that
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while each has a distinct diffusive behavior, the mobility of each is reduced in response to
cholesterol depletion (Clausen et al. 2014).
Keith Lidke and colleagues have developed a high-speed hyperspectral microscope that is
not limited by filter-based detection, but acquires the full spectra of the sample in every
pixel (Cutler et al. 2013). This line-scanning confocal instrument allows for simultaneous
single QD tracking of up to eight spectrally distinct QDs at 30 frames/sec (Figure 3.1b).
The ability to increase the labeling up to eight colors allows for higher density labeling,
increasing the probability of capturing protein-protein interactions and allowing high
spatiotemporal resolution in diffusion maps (Cutler et al. 2013). Since the confocal
entrance slit to the spectrometer provides optical sectioning, tracking of membrane
protein motion on the apical cell surface is easily achieved.

3.4 Tracking single molecule motion in 3D
The advances in multiplex imaging have opened new avenues for investigation of
membrane component behavior. However, these experiments are still realistically limited
to a two-dimensional focal plane. A number of groups have developed instrumentation,
based on a range of approaches, that allows for single particle tracking in three
dimensions (Kao and Verkman 1994; Schütz, Axmann, and Schindler 2001; Prabhat et al.
2007; Watanabe et al. 2007; Lessard, Goodwin, and Werner 2007; Wells et al. 2009;
Welsher and Yang 2014). In several cases, the brightness and photostability of QDs have
been critical to the successful application of 3D tracking. Ober and colleagues have
designed an instrument that allows for simultaneous imaging of multiple focal planes in
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the sample (Prabhat et al. 2007). Using this microscope, they have monitored protein
endocytosis, recycling and exocytosis in real-time (Prabhat et al. 2007; Ram et al. 2008).
By following the endocytic trafficking of QD-labeled transferrin, they discovered the
intercellular transfer of cargo between adjacent cells (Ram et al. 2012). Izeddin et al used
adaptive optics and point-spread function (PSF) engineering to track QD-labeled PDGF
receptor motion in 3D. With this approach, they achieve 15 nm z-precision and captured
the 3D landscape of the plasma membrane (Izeddin et al. 2012). Werner and colleagues
have developed a 3D tracking microscope that uses quad-APD detectors to monitor the
emission of a single QD probe and track its motion in x, y, and z by moving the
microscope stage to always keep the QD centered on the detector (Lessard, Goodwin, and
Werner 2007; Wells et al. 2009). This instrument was used to capture endocytosis
dynamics of the activated IgE receptor (Wells et al. 2009), as the receptor underwent
large (>1 μm) changes in z position when trafficking from the plasma membrane to the
cytosol. Recently, the group has collaborated with Hollingsworth group to bioconjugate
their giant, non-blinking QDs (Ghosh et al. 2012). The stable emission from these QDs
allowed for much longer-term tracking of the IgE receptor motion in 3D on the cell
surface (A. Keller et al. 2014). Welsher et al have combined 3D tracking with twophoton microscopy, which allows for simultaneous imaging of cellular structure while
tracking single molecules. With this approach, they were able to capture the real-time
binding of individual Tat-coated QD nanoparticles to the cell surface (Welsher and Yang
2014).
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3.5 Single QD tracking in whole animals
QDs have been used in in vivo animal models as imaging agents, enabling the high
contrast visualization of the vasculature and lymph nodes, and as nanoparticle platforms
to track the pharmaco/biodistribution of drugs and other biomolecules (Larson et al.
2003; Kim et al. 2004; Michalet WS, Pinaud FF, Bentolila LA, Tsay JM, Doose S, Li JJ,
Sundaresan G, Wu AM, Gambhir SS 2005; Diagaradjane et al. 2008; Jung et al. 2011).
An emerging area is the single particle tracking of QDs in in vivo animal models. Among
the first studies of single QD tracking in vivo, Tada et al conducted a study that
demonstrated the real-time tracking of single QDs in live in vivo animal preparations.
They imaged the movement of QDs that were conjugated to the antibody drug Herceptin
in mice containing tumors with overexpressed HER2 breast tumors. By using a confocal
microscope with dorsal skinfold chamber, they observed the movement of QDs from the
blood into and within the tumor, and were able to quantitate information such as velocity,
direction and modes of transport. A study by Hamada et al has used the counting of
single QD-VEGF probes in movies made in the blood vessels of ischemic mouse models
undergoing angiogenesis (Hamada et al. 2011) to examine the molecular distribution of
VEGF with high spatial resolution. Another study that exemplifies the use of QDs in
high-resolution measurements of in vivo biological processes has been the use of QDs to
track the motion of the protease-activated receptor 1 (PAR1) on the surface of tumor cells
in order to study the membrane dynamics at high spatial resolution (~ 8 nm) during the
process of extravasation (Gonda et al. 2010). As well, QDs have been used to measure in
real-time the length changes in the sarcomeres of myocytes in vivo by infusing QD
solution over intact myocytes and allowing their internalization via membrane fusion
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(Serizawa et al. 2011). Such studies, conducted in in vivo preparations are valuable in
that one can look at biological processes that occur on the resolution scale of tens of
nanometers in the physiologically relevant context of the larger scale biological system.

3.6 QDs for multiplex IHC
In addition to advancing single molecule and single cell imaging, QDs are being used to
improve the multiplexing capabilities and sensitivity of immunohistochemistry (IHC).
IHC is a well-established method of diagnosis in surgical pathology that allows for in situ
identification of characteristic antigens indicative of cell type and origin as well as
disease state. Typically, IHC of pathological samples involves the labeling of
paraformaldehyde fixed, paraffin embedded tissue with antibodies to specific targets. The
extent of antibody labeling is traditionally detected by enzyme-substrate based
chromogenic reporters using a transmission light microscope. Fluorescence is becoming
an attractive alternative to chromogenic detection in IHC. Specifically, fluorescence has
the advantage when it comes to quantification since the amount of labeling scales linearly
with fluorescence intensity, whereas the enzyme-based deposition is dependent on
parameters such as time of incubation, temperature, and concentration of the substrate.
Additionally, analysis of chromogenic substrates is only semi-quantitative, typically
utilizing an H-score or other qualitative analysis (Barrow et al. 2011; Gonda et al. 2012).

In the early 2000’s, QD-based IHC (QD-IHC) protocols were developed and have since
been applied to a range of tissues (B. Sun et al. 2001; Zahavy et al. 2005; True and Gao
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2007; Byers and Hitchman 2011). The unique properties of QDs (Table 1.1), provide
enhance capabilities for sensitivity, multiplexing and quantification. These allow for
more detailed analysis of tissue structure, cellular localization, relative amounts of
antigens, and colocalization as well as allowing for sparing use of limited tissue samples,
such as in biopsy tissue (Akhtar et al. 2007; Caldwell et al. 2008; Yu et al. 2013).
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Table 3.2. Key differences between traditional and QD IHC protocols.
*An important underlying theme in the difference between traditional and QD-IHC
protocols is to utilize solvents such as toluene, chloroform, and hexane to prevent any
interaction with QD surface chemistry possibly leading to quenching.
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The QD-IHC protocol has come a long way from its debut in 2001 and many publications
have examined the special considerations for fluorescence and QD label usage (Table
3.2). In addition to the considerations for traditional IHC, such as sample care and
antigen retrieval, Xing et al and Monton et al provide a particularly rigorous analysis of
reagents that may alter fluorescent signals as well as recommended conjugation and
multiplexing methods (Xing et al. 2007; Monton et al. 2012). Additionally, key reviews
have chronicled the progress of QD-IHC methodologies (Byers and Hitchman 2011; C.
Chen et al. 2012; Fang et al. 2012; Kairdolf et al. 2013).

Sensitivity is an important characteristic of IHC for its traditional applications in
diagnostic medicine, such as for detection of receptor targets before initiation of therapies
including those targeting the estrogen receptor (ER) (Hammond et al. 2010; Gonda et al.
2012). There have been many studies validating detection by QDs in IHC (H. Chen et al.
2009; Jing Xu et al. 2012; Tabatabaei-Panah et al. 2013; Yu et al. 2013). The recent key
studies that have demonstrated QD-IHC’s statistical and functional advantages over other
forms of IHC include work in which QD-IHC was found to have 5% better sensitivity
and 10% better specificity over traditional IHC when examining the Tn antigen in breast
cancer tissues (Au et al. 2014) and demonstrations that QD-IHC detection of the
proliferation marker Ki67 was able to more accurately predict 5-year disease free survival
in breast cancer patients (J.-Z. Sun et al. 2014). Additionally, QD-IHC is amenable to
coupling with signal amplifying techniques such as tyramide signal amplification (TSA)
to further enhance detection of subtle antigenic signal (Akhtar et al. 2007).
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Multiplex QD-IHC has allowed for new insights into spatial organization and biomarker
relationships in disease processes. Since the advent of multi-color QD-IHC in 2005
(Zahavy et al. 2005), studies have examined colocalization of biomarkers (Storch et al.
2007), tissue and microenvironment heterogeneity and co-evolution (Zhu et al. 2010; J.
Liu, Lau, Varma, Moffitt, et al. 2010; J. Liu, Lau, Varma, Kairdolf, et al. 2010; Faratian
et al. 2011), and structural changes, such as invasion (Xing et al. 2007; C. Chen et al.
2010; Fang et al. 2012). An example of multiplex QD-IHC in tissue is shown in Figure
3.2. Liu et al. targeted multiple antigens implicated in prostate cancer to create a signal
map of patient tissues that cumulatively indicated architectural abrogation and
demonstrated the potential of QD-IHC to reconstruct malignant transformation of a
heterogeneous tissue (J. Liu, Lau, Varma, Kairdolf, et al. 2010). Peng et al. demonstrated
patterns of spatial and temporal coevolution of gastric and breast cancer cells and their
surrounding stroma by following markers of basement membrane integrity or breakdown,
angiogenesis, and macrophage invasion (C. Chen et al. 2010). Additionally, QD-IHC has
been combined with other techniques such as QD in situ hybridization (QD-ISH) to
examine RNA transcripts and provide additional spatial information (Matsuno et al.
2005; Matsuno et al. 2006).

Despite the advantages of QD-IHC for achieving higher quantitative information, to date,
only relative quantification has been implemented in practice through various means such
as spectral image acquisition, ROI assignment and signal discretization, and the
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subsequent quantification of intensity values. Hardware and software are major
components dictating the quality of data collected from QD-IHC. While hardware is
beyond the scope of this review it is worth mentioning the state of software options.
Many packages are available to separate fluorescence signatures in spectral images; the
most published is the commercially available Nuance software (PerkinElmer, MA, USA)
and spectral capabilities of ZEN software (Carl Zeiss Microimaging GmbH). Many
groups additionally are writing their own unmixing protocols, which are similarly based
on spectral separation, such as via a Gaussian mixture model, defining and thresholding a
masked region of interest, and quantifying intensity based on maxima and total area.
Examples include WuDa Image Analysis System (Wuhan University) (Lv et al. 2013),
inForm (Caliper Life Sciences, Hopkinton, MA) and the open source wares FARSIGHT
and Q-IHC (www.miblab.org) (Xing et al. 2007; Yu et al. 2013). Analysis may expand
on this relative quantification by providing a comparison between signals, where one
common housekeeping antigen may be used as an internal control to draw conclusions
about relative quantity of biomarkers (Figure 3). Common housekeeping targets include
nuclear stains and proteins intimately involved in normal cellular processes, such as
elongation factor 1 alpha (EF1α) (Xing et al. 2007). Quantitative multiplex QD-IHC is
an area of open opportunity by which to exploit the unique properties of QD
photostability, multiplexed emission, and bright intensity to enable improved tissue
diagnostics.
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Figure 3.2. Multiplex QD-immunohistochemistry (QD-IHC). a) QD-IHC performed
on human spleen tissue of a patient with aggressive systemic mastocytosis (tissue
courtesy of Tracy George). Staining includes anti-CD31 (QD565, blue), anti-tryptase
(QD585, green), and anti-cKit (QD655, red), with autofluorescence represented as white.
Note, in the image, a CD31+ splenic capillary (blue) filled with red blood cells;
surrounding it is an aggregate of mast cells that are positive for both tryptase and cKit
biomarkers. b) Spectral curves of the corresponding boxes (i–iii) in a. The splenic
capillary is high in QD565 signal that labels CD31 (i), and mast cells show high labeling
of QD585-tryptase andQD655-cKit (ii). Images acquired by E.W. Hatch by using a
Nuance spectral camera; spectral unmixing performed with custom software
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3.7 Progress in QD bioconjugation paradigms
QDs must be bioconjugated with specific biomolecules (e.g. proteins, DNA, ligands,
drugs) to conduct intended biological applications such as imaging, delivery, and
biosensing (Medintz et al. 2005; Petryayeva, Algar, and Medintz 2013). QD
bioconjugation entails the attachment of biomolecules to amphiphilic polymers that are
assembled at the QD surface and serve to render the QD water-soluble (Medintz et al.
2005). QD bioconjugation methodologies that are currently used to generate
functionalized, targeted probes have been derived from standard protein labeling
chemistries and have been described in recent reviews (Petryayeva, Algar, and Medintz
2013; Blanco-Canosa et al. 2014). Covalent chemistries are the preferred method of
choice for use in cellular studies due to the more stable nature of these reactions.
Covalent chemistries include carboiimide chemistries, which offer cheap and fast
covalent binding to amine and carboxyl groups of the biomolecule of interest
(Hermanson 1996). A disadvantage of these chemistries, however, is a lack of precise
control over orientation and stoichiometry of cross-linked biomolecules at the QD
surface. Furthermore, aggregation is often a concern. Non-covalent biotin-streptavidin
interactions are likely the most widely used for cellular-QD applications. This is due to
the versatility of biotin-streptavidin bonds, which offer high affinity, wide pH and salt
stability (Hermanson 1996), as well as practical ease of use and some quantitative control
of biomolecular valency at the QD surface. Biotinylation kits and biotinylated
biomolecules are available from a wide range of suppliers, and streptavidin-QDs are
commercially available and can be easily paired with a protein of interest. Other
chemistries successfully used include self-assembly by histidine-metal affinity; this
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involves a His-appended biomolecule that interacts with the inorganic ZnS shell of the
QD (Blanco-Canosa et al. 2014).
Despite the availability of methods in use, new bioconjugation chemistries will still be
needed to continue to generate QD bioconjugates with improved precise control and
specific functionality necessary to achieve specific biological tasks (Zrazhevskiy, Sena,
and Gao 2010). Alternative bioconjugation schemes that produce repeatable product,
control the valency of the biomolecule on the QD surface, as well as produce a desired
orientation of the biomolecule on the QD surface and do not compromise the function of
the biomolecule still await further developments which could provide a greater impetus
for the expansion and establishment of QD applications in biology and medicine. Along
these lines, recent efforts include the work in improving QD probes for single protein
tracking by producing monovalent QD bioconjugates by using peptide surface coatings
and demonstration of new bioconjugation schemes employing hydrazide, aldehyde, and
thiol-based linkages (You et al. 2010; Clarke et al. 2010; Iyer et al. 2011). The
development of new bioconjugation schemes will be powerful and necessary for
achieving multifunctional tasks such as combined imaging, targeting and delivery
(Zrazhevskiy, Sena, and Gao 2010). Development of The use of specific types of QD
bioconjugates along with their integration into novel methodologies will also be
important for achieving multifunctional imaging, targeting and delivery tasks
(Zrazhevskiy, Sena, and Gao 2010). Recent work along these lines, include flexible,
adaptable procedures designed to tap the full potential of multicolor QDs for tagging
multiple targets in the same biological sample (Zrazhevskiy and Gao 2013; Zrazhevskiy,
True, and Gao 2013). Another emerging development is the use of ‘click’ chemistries
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which are appealing due to their rapidity, high yield, and ease of use at room temperature.
Click chemistries originally employed a copper(I)-catalyzed azide-alkyene reactions
which are well-suited for high-selectivity because these groups do not interact with native
biological functional groups (Kolb, Finn, and Sharpless 2001). Click chemistries have
been used to bioconjugate biomolecules to magnetic, gold, and other colloidal
nanoparticles. Because copper may alter the luminescent properties of QDs, recently
available copper-free bio-orthogonal approaches (Bernardin et al. 2010; Han et al. 2010;
Schieber et al. 2012) have made possible the use of click chemistries for bioconjugation
of QDs which in the near future are likely to grow in application.

3.8 Potential areas for further development of QDs
A potential future opportunity for the application of QDs is in the exciting and growing
area of correlated microscopy. Correlated electron and fluorescence microscopy (CLEM)
offers the opportunity to visualize fluorescently-tagged proteins in their surrounding
context at high-resolution in EM. The dual QD fluorescence and electron-dense
properties make QDs advantageous for CLEM (Giepmans et al. 2006; Sjollema et al.
2012). QDs can be distinctly discriminated at the EM level, and the simultaneous labeling
of multiple endogenous proteins has been demonstrated for CLEM in cells and tissue as
well as the postsection labeling of nuclear proteins (Nisman et al. 2004; Deerinck et al.
2007). 3D EM reconstruction of QDs in corresponding fluorescence optical sections have
been demonstrated to elucidate details of neurofibrillary tangles in Alzheimer’s disease in
the study by Uematsu et al who also employed EDX chemical analysis of the Cd and Se
to confirm the presence of QDs in appropriate locations in the EM image (Uematsu and
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Adachi 2012). A unique attribute of QDs for use in CLEM is the capability to distinguish
in multiplexed fashion multiple QD probes in EM based on their differing size and shape
and fluorescent color (Sosinsky et al. 2007). As yet, the increased use of QDs in CLEM
remains to be fully exploited. Another powerful use of QD correlative microscopy on the
horizon is the combination of QD with other super-resolution fluorescence probes to
bridge dynamic information of individual proteins in relation to their spatial organization
in the cell. For example, information on the diffusive motion of glycine receptors have
been studied using QD-SPT in the context of the glycine receptor subsynaptic distribution
using PALM (Specht et al. 2013).

QDs also possess properties that make them uniquely suited for super-resolution imaging.
To achieve resolution beyond the diffraction limit, a number of super-resolution
techniques rely on the ability to switch the fluorescence emission from emitters on and
off. Lidke et al was the first to propose and demonstrate that blinking fluorophores could
be used for super-resolution (K. A. Lidke et al. 2005). The authors used the natural
blinking of QDs to independently localize individual emitters with separations less than
the diffraction limit. In a similar manner, Lagerholm et al used blinking to localize QDs
attached to the ends of double-stranded DNA that were separated by 42 nm (Lagerholm
et al. 2006). Hoyer et al have recently extended this idea to 3D super-resolution (Y.
Wang et al. 2013). In 2009, Dertinger et al applied QDs for SOFI (Super-resolution
Optical Fluctuating Imaging) where statistical analysis of the fluorescence fluctuations
throughout a time series can achieve a super-resolution image (T Dertinger et al. 2009;
Thomas Dertinger et al. 2013). While photostability is one of the greatest advantages of
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QDs, it is possible to induce a blue-shift in its emission spectra (“blueing”) in the QD
emission in response to high intensity Illumination. Hoyer et al used this property to
achieve resolution below the diffraction limit using a simple webcam for detection
(Hoyer et al. 2011).

3.9 Discussion
From single molecules to single cells to tissue, QDs have provided unique quantitative
data sets for better understanding of biological and disease processes. The ability of QDs
to enhance bio-imaging has been enabled by the development of instrumentation that can
take advantage of QD’s photophysical properties and sophisticated analysis routines to
extract biological parameters from single molecule and spectral imaging data.
Improvements in QD properties, such as reduced size, constant emission and monovalent
conjugation will further increase their utility. Therefore, while QDs have already had a
strong impact on biological imaging, it is likely that we have yet to realize the full
potential of QDs for quantitative imaging.

3.10 Addendum
It has now been two years since the publication of our review (Vu et al. 2015). QDs are
still superior in many single particle, multiplexed and high resolution imaging
applications, however there remain a number of limitations for IHF - low stability on
samples, poor reagent preservation with prolonged storage, and incompatibility with
commonly used reagents in IHC and sample mounting methods (Korzhevskii et al. 2011).
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QDs have also been shown to suffer from high non-specific binding to tissue than
traditional fluorophores (L. Zhou et al. 2016; Korzhevskii et al. 2011). Some studies are
able to circumvent these shortcomings with added utility to the IHC assay, such as
additionally utilizing more rationally targeted antibodies such as traztuzumab epitope
(Miyashita et al. 2016); single domain antibodies (Sukhanova et al. 2012) ), scored IHC
with other patient data to increase predictive outcome (Miyashita et al. 2016; Hu et al.
2016), or used noncommerical semiconductive nanocrystals (Singh et al. 2016). In our
hands, we have found QD-probes for IHF to be less reliable in terms of specific tissue
labeling than organic dyes, presumably due to differences in tissue fixation and storage
conditions between tissue samples. Given the promising spectral attributes of QD
multiplexing and the highly integrated nature of immunohistochemistry for diagnosis and
disease management, it is hopeful reagents and protocols will continue to evolve.
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Chapter 4: Results – Mast Cells Exhibit Variability in the Expression of
Programmed Death Ligand 1 (PD-L1)

(modified from) Hatch, E. W. et al. Variability of PD-L1 expression in mastocytosis.
Blood Adv. 2(3), 189-199 (2018).
4.1 Introduction
Mastocytosis is a rare disease with heterogeneous clinical manifestations and few
effective therapies. Programmed death 1 (PD-1) and its ligands (PD-L1 and PD-L2) are
known to protect tissues from immune-mediated damage, but also allow tumors to evade
immune destruction. Novel therapeutic antibodies against PD-1 and PD-L1 have been
shown to be effective in the treatment of a variety of solid tumors. Using standard
immunohistochemistry and multiplex immunohistofluorescence staining, we evaluated
PD-1 and PD-L1 expression in a large number of mastocytosis cases with a control group
of reactive marrows, myelodysplastic and myeloproliferative neoplasms. To our
knowledge this is the most comprehensive PD-1 and PD-L1 study to date in mast cell
disease. Our results indicate an exciting potential for PD-L1 immunotherapy in these
diseases.

4.2 Immunohistochemical analysis reveals increased PD-L1 expression in
mastocytosis
To better understand the expression patterns of PD-L1 and PD-1 in mastocytosis, we
performed IHC on a range of mastocytosis subtypes and compared this with expression in
a variety of neoplastic and non-neoplastic bone marrow conditions. We found that PD-
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L1 expression is increased in SM and CM (Figure 4.1), although not in other myeloid
neoplasms tested, including MPN, MDS, and MDS/MPN. Expression was also not seen
in monoclonal mast cell activation syndrome (MMAS) or in normal and reactive bone
marrows (Table 4.1, Figure 4.2). In the advanced SM cases examined, we found
expression of PD-L1 in all MCL and aggressive SM, and in 73% of SM-AHN, in the SM
component only. Expression of PD-L1 was also seen in the mast cell component of a
single case of MML. With respect to smoldering and indolent SM, PD-L1 expression was
found in 1/2 (50%) smoldering SM and 3/4 (75%) of indolent SM. We also found PD-L1
expression in the majority of CM cases, 23/25 (92%), which included all mastocytomas
and mastocytosis in skin lesions from patients with systemic disease, with a high
percentage of macular papular cutaneous mastocytosis (MPCM) also being positive,
15/17 (88%). PD-L1 staining of mast cells in individual cases was membranous and
ranged from 10-100% (mean 50%) with 57% of cases showing 2+ and 43% of cases
showing 3+ staining intensity. Expression, when present, was restricted to mast cells and
was not identified in lymphocytes or other cell types.
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Figure 4.1. Immunohistochemical staining of PD-L1 and PD-1 in mastocytosis. The
20x – 40x images contrast immunohistochemical expression of PD-L1 (left) with PD-1
(right) for mast cell leukemia (MCL), smoldering systemic mastocytosis (SM), indolent
SM, and cutaneous mastocytosis (CM). Moderate expression of PD-L1 is present in
neoplastic mast cells, in contrast with no PD-1 expression in MCL, smoldering SM, and
indolent SM. In SM with an associated hematologic neoplasm (myelodysplastic
syndrome/myeloproliferative neoplasm), the PD-L1 expression is restricted to the mast
cell component, but is not present in the associated hematologic neoplasm. In CM,
stronger expression of PD-L1 is seen at left, while PD-1 expression appears dimmer.
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Diagnosis
SM and MCL

PD-L1 expression

PD-1 expression

17/22 (77%)

0/24 (0%)

MCL

3/3 (100%)

0/3 (0%)

ASM

2/2 (100%)

0/3 (0%)

SM-AHN

8/11 (73%)

0/12 (0%)

SSM

1/2 (50%)

0/2 (0%)

ISM

3/4 (75%)

0/4 (0%)

23/25 (92%)

6/29 (21%)

MPCM

15/17 (88%)

3/19 (16%)

Mastocytoma

3/3 (100%)

2/3 (67%)

Mastocytosis in skin

4/4 (100%)

0/6 (0%)

CM, not otherwise

1/1 (100%)

1/1 (100%)

Myelomastocytic leukemia

1/1 (100%)

0/2 (0%)

MMAS

0/3 (0%)

0/3 (0%)

MPN

0/16 (0%)

0/17 (0%)

MDS

0/18 (0%)

0/18 (0%)

MDS/MPN

0/5 (0%)

0/5 (0%)

Normal and reactive bone

0/15 (0%)

0/21 (0%)

Cutaneous mastocytosis

specified

marrow

Table 4.1. Expression of PD-1 and PD-L1 in mastocytosis subtypes, other myeloid
neoplasms, and reactive/ normal bone marrows using immunohistochemistry.
Systemic mastocytosis, SM; Mast cell leukemia, MCL; Aggressive SM, ASM; SM with
an associated clonal hematological neoplasm, SM-AHN ; smoldering SM, SSM; Indolent
SM, ISM; macular papular cutaneous mastocytosis, MPCM; Monoclonal mast cell
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activation syndrome, MMAS; Myeloproliferative neoplasm, MPN; Myelodysplastic
syndrome, MDS. MDS/MPN are all chronic myelomonocytic leukemia. MPN included
primary myelofibrosis (3), polycythemia vera (4), essential thrombocythemia (3), chronic
myelogenous leukemia (4), and chronic eosinophilic leukemia not otherwise specified
(3). MDS included 5q- syndrome (4), MDS with excess blasts (3), MDS with single
lineage dysplasia (i.e. refractory anemia) (1), MDS with multilineage dysplasia (5), MDS
with single lineage dysplasia and ring sideroblasts (4), and MDS not otherwise specified
(1). Mastocytosis in skin refers to skin lesions of mastocytosis in patients with systemic
mastocytosis or mast cell leukemia.
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Figure 4.2. Immunohistochemical staining of PD-L1 and PD-1 in normal bone
marrow and controls. Immunohistochemistry for PD-L1 showed no staining in normal
or reactive bone marrow as illustrated at upper left, with strong staining of placental
syncytiotrophoblasts shown as a positive control, lower left. Staining of normal and
reactive bone marrow with antibody against PD-1 is generally negative, upper right, with
a rare lymphocyte showing membranous staining. Staining of tonsil with antibody against
PD-1 highlights a subset of T-cells in the germinal center, as shown at lower right.
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4.3 Multiplex immunohistofluorescence reveals a heterogeneous expression of PDL1 in mast cell leukemia
To directly confirm whether mast cells expressed PD-L1, we used multi-color IHF to
simultaneously visualize tryptase-positive mast cells and PD-L1-positive cells. We first
examined tissue from one of the 3 patients with MCL (Figure 4.3). While tryptasepositive and PDL-1-positive cells are both found in the spleen of this patient with mast
cell leukemia, only a subset of mast cells co-express PD-L1. Many of the PD-L1-positive
cells are tryptase negative, indicating that the majority of these cells are not mast cells,
and may represent tumor-infiltrating immune cells or resident splenic macrophages.
During imaging, we noted that mast cells often clustered around the peri-arteriolar
lymphatic sheaths (PALS). To further examine this spatial distribution, we used laser
scanning confocal microscopy to acquire images from multiple regions of interest that
were then stitched together to visualize a larger area in the spleen while retaining high
resolution (see Methods). Figure 4.4 demonstrates how PD-L1-positive mast cells are
often located close to the PALS and that their frequency reduces as one moves further
away from this lymphocyte-rich region.
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Figure 4.3. Expression of PD-L1 on splenic mast cells in MCL. Spleen tissue from a
patient with MCL was stained for tryptase (red), PD-L1 (green, SP142) and nuclei (blue).
Upper panel images acquired at 20x magnification. Lower panel images acquired at 63x
magnification. Far right image is a zoom of boxed region in the ‘overlay’ image (zooms
in panel D originates from boxes E). Expression of PD-L1 on mast cells is clearly seen in
the high magnification imaging. However, PD-L1 expression only occurs in a small
subset of the mast cells in MCL.
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Figure 4.4. PD-L1+ mast cells aggregate near the PALS structure in MCL spleen.
Tissue was stained for expression of tryptase (red), PD-L1 (green) and cell nuclei (blue).
Top) tiled spectral image was acquired on a Leica SP8 confocal microscope at 63x in
xyλz scan mode, total field of view 184.52 μm x 1290.24 μm. Bottom) Zoom of boxed
regions. Note that PD-L1+ mast cells accumulate around the circular vascular, with the
frequency of PD-L1+ mast cells decreasing further from the PALS.
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4.4 Higher frequency of expression of PD-L1 in cutaneous mastocytosis
PD-L1 expression was observed in 92% of CM by traditional IHC (Table 1). A uniform
pattern of membrane expression of PD-L1 was seen in neoplastic mast cells of CM
(Figure 4.1) by IHC across different cases. We examined two cases of cutaneous
mastocytosis (CM) with IHF for PD-L1 to assess the heterogeneity of expression by mast
cells. In comparison to MCL, we found a higher frequency of PD-L1 and tryptase coexpressing mast cells in the dermis of some patients’ skin biopsies (Figure 4.5).
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Figure 4.5. PD-L1+ mast cells in MC tissue. Tissue was stained for expression of
tryptase (red), PD-L1 (green) and cell nuclei (blue). Scale bar, 20 μm.
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4.5 PD-1 expression is restricted to cutaneous mastocytosis
PD-1 showed 2+ membranous staining in neoplastic mast cells in 6/19 (21%) of CM
cases using IHC. Staining was found in a higher percentage of mastocytomas (67%)
compared to MPCM (16%), and was not found in any skin lesions from patients with
systemic mastocytosis (0%). PD-1 expression was not found in other mastocytosis
subtypes, in other neoplasms tested, or in reactive and normal bone marrows (Table 4.1,
Figure 4.1, Figure 4.2). PD-1 staining of mast cells ranged from 20-50% (mean 27%).
Expression, when present, was restricted to mast cells only and was not identified in
lymphocytes or other cell types. In normal bone marrow, a rare lymphocyte was noted
that was PD-1 positive (Figure 4.2).
To further examine the specificity of PD-L1 expression in mast cells, we examined
normal spleen and normal skin using multiplex IHF. While the majority of tryptase
positive mast cells in spleen lacked expression of PD-L1, rare mast cells demonstrated
co-expression (not shown). Similarly, for skin, we preliminarily found a minor subset of
normal mast cells that co-expressed PD-L1 (Figure 4.6). Localization of the PD-L1 was
cytoplasmic which was unexpected.
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Figure 4.6. Rare expression of PD-L1 on mast cells in normal skin. Normal skin
tissue from a UNM HTR with no known malady was stained for tryptase (first column)
and PD-L1 (second column, SP142); DAPI highlights nuclei (blue in merge, third
column). Co-expression of PD-L1 and tryptase is present but rare.
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4.6 Discussion
PD-1 is an immune receptor expressed on activated T cells and a small subset of B cells
in germinal centers, while PD-L1 is expressed on activated T cells, dendritic cells,
monocytes, and tumor cells from a variety of malignancies. PD-1 is known to interact
with its ligands, PD-L1 and PD-L2, to protect tissues from immune-mediated damage,
but this interaction between PD-1 and PD-L1 also allows tumor to evade immune
destruction. Recent work has shown PD-L1 expression on a variety of tumors including
melanoma, renal cell carcinoma, lung carcinoma, head and neck carcinomas,
gastrointestinal malignancies, bladder carcinoma, ovarian carcinoma and Hodgkin
lymphoma (Swaika, Hammond, and Joseph 2015). In 2013, Kataoka and colleagues
published the first report of PD-1 expression in cutaneous mastocytosis, confirmed with
RT-PCR, western blotting and flow cytometry. They documented that 10 of 30 cases of
CM expressed PD-1 (Kataoka et al. 2013). In 2015, Rabenhorst and investigators showed
that the expression of PD-L1 in serum correlated with disease severity in 31 adult patients
with mastocytosis and further documented expression of PD-L1 in bone marrow and skin
biopsies of patients with mastocytosis, with expression of PD-1 in skin biopsies only
(Rabenhorst et al. 2016). Our results support these findings in a large number of patient
samples, documenting PD-L1 expression in 77% of SM biopsies, including both indolent
SM and advanced SM, and in 92% of CM biopsies. Other MPNs, MDS, reactive and
normal bone marrows did not show expression of PD-1 and PD-L1. We further explored
the variability of expression of PD-L1 using IHF and showed heterogeneity of expression
of PD-L1 within tumor sample architecture. This is intriguing as PD-L1 expression in
other tumors, such as melanoma, show a variable pattern of PD-L1 expression focused
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primarily at the interface between melanocytes and infiltrating immune cells (Taube et al.
2012). This difference in expression of PD-L1 in mastocytosis is also important as the
“positivity” of PD-L1 varies significantly from study to study when examining tumors for
anti-PD-L1 therapy (Ribas and Lieskovan 2016).

In the SM and CM samples examined, only the neoplastic mast cells expressed PD-L1.
Other immune cell types, including lymphocytes, did not express PD-L1. While
expression of PD-1 was noted in a 21% of CM samples, this was present in mast cells
only. Again, admixed immune cells such as lymphocytes, did not express PD-1 in either
SM or CM samples. This is intriguing because tumor responses with anti-PD-1/PD-L1
immunotherapy are mediated by tumor antigen-specific T-cells (Pardoll 2013; Tumeh et
al. 2014). Both innate and adaptive models have been described in different tumor types
to explain PD-L1 expression (Berry et al. 2015). Some, but not all, samples with
mastocytosis have reactive T-cell infiltrates, including CD8+ T-cells. Those mastocytosis
samples with T-cell infiltrates may have inducible PD-L1 expression at the site of the Tcell infiltrate (an adaptive pattern), which would support a more variable staining pattern
than we have observed in PD-L1 expression in SM. In mastocytosis without T-cell
infiltrates, one can argue that the positive PD-L1 expression is likely regulated by genetic
or epigenetic events intrinsic to the neoplastic mast cells (i.e. constitutive PD-L1
expression), rather than reactive to a T-cell response. Several different genetic
mechanisms have been reported to lead to this latter innate pattern including gene
amplification, loss of tumor suppressor genes, or oncogenic driver mutations, resulting in
overexpression of PD-L1 on all neoplastic cells (Ribas and Lieskovan 2016). Thus, the
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PD-L1 positivity in the presence or absence of a T-cell infiltrate may predict response to
immunotherapy, with the presence of T-cells indicating a potential positive response.

Our study indicates that there may be a complex cancer-immune interaction occurring
between mast cells in disease and regulatory immune cells. More studies should be
undertaken to determine the nature and extent of this interaction as well as the expression
levels on normal and neoplastic mast cells to further our understanding of the
pathophysiology of mast cell disease. This would be an important step in order to
determine what implications PD-1 and PD-L1 expression may have for therapeutic
decisions, such as immunotherapy, in these diseases.
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Chapter 5: Results –Mast Cells Exhibit the Proliferative Marker Ki-67 in Many
Mast Cell Diseases

Hatch, E.W. and Sojitra, P., et al. Mast Cell Leukemia has a higher proliferative mast cell
fraction than other mast cell diseases. In preparation.

5.1 Introduction
Mast cell biology and pathophysiology is difficult to study in vitro, owing to a lack of
available and functional cell lines (Saleh et al. 2014a). As such, researchers and
clinicians rely on immunohistochemical labeling and scoring criteria to both study and
diagnose patient tissue samples. The limitation with this approach is that the proliferation
index of specific cell types is not defined. Here we describe the first evidence that mast
cells retain proliferative capacities systemically, after exiting the bone marrow. This
retention may suggest a vulnerability to chemotherapeutic agents and hint at a more
complex underlying biology than previously understood.

5.2 Mast cell diseases assessed by bone marrow proliferative index separate into two
categories
Bone marrow samples from patients diagnosed with cutaneous mastocytosis (CM),
indolent systemic mastocytosis (ISM), smoldering SM (SSM), aggressive SM (ASM),
SM with associated hematologic non-mast cell neoplasm (SM-AHN), SM-NOS, MCL,
and MML were evaluated for Ki-67 expression and Ki-67 positive nuclei were quantified
using HALO automated image analysis software (Figure 5.1). Results are summarized in
Table 5.1. The proliferation fraction of MCL was significantly different from all other
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types of SM and CM (p<0.05), whereas the proliferation fractions of non-MCL subtypes
did not significantly differ from each other. Of note, the proliferative fraction of MML
demonstrated a high standard deviation as only two cases were studied. In sum, MCD as
assessed by proliferative fraction separates into two categories, one with a higher
proliferative index that behaves more aggressively and includes MCL and the other with
a lower proliferative index that includes both indolent and other types of advanced MCD
(CM, ISM, SSM, ASM, SM-AHN).
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Figure 5.1. Mastocytosis within the bone marrow demonstrates mast cells expressing
Ki-67. Mastocytosis within the bone marrow is defined in yellow using the Halo image
analysis software in a bone marrow sample. Blue shading on the right-hand panel
indicates detection of Ki-67 positive cells. Scale bar = 500 µm.
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Case types

Quantitative
Ki-67
(Manual)

Quantitative Ki-67
(Using Halo)
(Median) Range
(0.28) 0.02-6.3
(0.46) 0.4-3.83
(0.3) 0.04-2.98
(0.07) 0.02-6.36
(0.27) 0.2-1.1
(0.35) 0.2-1.1
0.18

1 CM (n=27)
(1.0) 1.0-6.0
- Mastocytoma (n=3)
(1.0) 1.0-3.0
- MPCM (n=18)
(1.0) 1.0-2.0
- MIS (n=6)
(1.0) 1.0-6.0
2 Total ISM (n=5)
(1.0) 1.0-1.0
- ISM (n=4)
(1.0) 1.0-1.0
- SSM (n=1)
1
Total Advance SM
3
(0.40) 0.04-3.5
(n=22)
(1.0) 1.0-20.0
- ASM (n=5)
(1.0) 1.0-1.0
(0.27) 0.04-1.78
- SM-AHN (n=14)
(1.0) 1.0-2.0
(0.59) 0.09-3.5
- MCL (n=3)
(14.0) 4.0-20.0
CM= Cutaneous mastocytosis; MPCM=maculopapular CM; MIS=
Mastocytosis in Skin with SM; ISM=indolent SM; SSM=smoldering SM;
ASM=aggressive SM; SM-AHN=association hematologic non-mast cell
disease; MCL=mast cell leukemia

Table 5.1. MCD proliferation fractions in patient bone marrow samples.
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Further evaluation of cellular populations within MCD bone marrow samples was
performed by multicolor immunohistofluorescence (IHF), using tryptase as a specific
mast cell marker and DAPI to label nuclei, in combination with Ki-67 (Figure 5.2).
Proliferative fraction and mast cell specific proliferative faction within the bone marrow
were calculated by manually by pathologist (TG). Results indicate a range of general Ki67 positive cells in tumor samples. IHF labeling and quantification of Ki-67 positive
mast cells within IHF labeled sections demonstrates the limitation of traditional IHC
approaches to proliferation, as IHC does not account for Ki-67 expression in specific cell
populations. These data underscore the utility of multiplex IHF labeling and highlight Ki67 heterogeneity that may be present in individual mast cell disease cases.
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Figure 5.2. Total Ki-67 staining does not reflect the total proliferative fraction of
mast cells in MCL. Three MCL patient bone marrow samples were analyzed by
multiplexed fluorescent IHC tryptase and Ki-67 co-expression on mast cells and was
compared with total Ki-67 expression determined by pathologists (numbers in white).
Individual channels are shown in grayscale and merge (right) is pseudocolored - tryptase
(green), Ki-67 (red), DAPI (blue). White arrows indicate Ki-67 positive mast cells, red
arrow indicates Ki-67 hyperintensity of a dividing mast cell. Scale bar 20 μm, 60x.
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5.3 Mast cells demonstrate proliferative capacity outside of the bone marrow
Evaluation of the proliferation fractions of systemic tissue samples from an MCL patient
indicate that mast cells are proliferative in other compartments beyond the bone marrow.
In splenic and lymph node tissues from a single patient, we used multi-color fluorescence
for dual labeling of tryptase and Ki-67. Multiplex labeling demonstrated that many
splenic mast cells were Ki-67 positive and therefore potentially proliferating outside of
the bone marrow (Figure 5.3). Additionally, mast cells from lymph node tissue,
especially in close proximity to large vessels, were seen to be Ki-67 positive (Figure 5.3).
Together, this is suggestive of a proliferative fraction of mast cells both within the bone
marrow and in extramedullary sites, such as the spleen, in the context of mast cell
disease.
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Figure 5.3. Splenic and lymph node tissue from a single patient contain mast cells
that exhibit proliferation in MCL. A, B, and C show different fields of view of a single
MCL patient spleen sample that was analyzed by multiplexed IHF for tryptase and Ki-67
co-expression on mast cells. D and E show two fields of view from a lymph node from
the same patient. Individual channels are separated and merge is pseudocolored tryptase (green), Ki-67 (red). White arrows indicate Ki-67 positive mast cells. Scale bar
20 μm, 60x.
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Finally, in order to determine the extent to which mast cell proliferation was strictly a
disease-related phenomenon, we dual-labeled normal bone marrow and spleen samples
with normal mast cell infiltrates for Ki-67 and tryptase and determined that very rarely
mast cells were Ki-67 positive (Figure 5.4). No Ki-67 positive mast cells were identified
in 5 normal bone marrow samples (3 fields of view each, 60x) or normal spleen (5 fields,
60x). However, in eosinophilic nasal polyp biopsy tissue, we did find a few Ki-67
positive mast cells (8%, 3/37, 5 fields of view, 60x, Figure 5.5). This result suggests
further investigation in necessary to establish the expected proliferative index of systemic
mast cell proliferation, as mast cells are considered terminally differentiated once in
peripheral circulation (Dahlin and Hallgren 2015).
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Figure 5.4. Normal bone marrow and spleen tissues do not exhibit Ki-67 positive
mast cells. A, B, and C show 3 different normal bone marrow patient samples that were
analyzed by multiplexed IHF tryptase and Ki-67 co-expression on mast cells. D shows
one field a normal spleen sample. Individual channels are shown in grayscale and merge
(right) is pseudocolored - tryptase (green), Ki-67 (red). Scale bar 20 μm, 60x.
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Figure 5.5. Nasal polyp biopsies with eosinophilic infiltrate showed co-expression of
tryptase and Ki-67 on rare cells. Multiplexed IHF shows tryptase and Ki-67 coexpression on normal mast cells. Individual channels are shown in grayscale (top) and
merge (bottom) is pseudocolored - tryptase (red), Ki-67 (green). White arrows indicate a
tryptase positive, Ki-67 positive mast cell. Scale bar 20 μm, 60x.
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5.4 Mast cells demonstrate co-expression of PD-L1 and Ki-67 markers
Programmed death 1 (PD-1) and its ligands (PD-L1 and PD-L2) are a receptor-ligand
pair that regulate off-target immune-mediated damage and promote tumor escape, which
have become of particular interest in the literature due to success of targeted therapies in
variety of solid tumors (Taube et al. 2012) and expression of PD-L1 in the serum of
mastocytosis adult patients has been suggested to correlate with disease status
(Rabenhorst et al. 2016). Previously, we described the heterogeneity with which PD-L1
is expressed in different mast cell diseases and within the anatomical architecture of the
disease. Since PD-L1 dysregulation is a strategy for immune system evasion (OstrandRosenberg et al. 2014) and thus could give rise to further carcinogenesis, we wanted to
determine if it was this PD-L1 fraction that the same as the fraction that was proliferating.
Utilizing tissue from the same MCL patient as in Figure 3, we repeated the staining
protocol, adding a fourth fluorescence channel – tryptase, Ki-67, DAPI and PD-L1.
Again we noted heterogeneity of PD-L1 staining throughout the tissue, with perhaps a
slight preference for peri-arterioloar lymphoid sheath (PALS) structures. While Ki-67
positive mast cells were noted to be peri-arteriolar in the lymph node tissue, the
proliferative fraction localization was not as clear in the larger context of the spleen. This
remained true with the quadruple staining. Despite having co-expression of tryptase and
PD-L1 or tryptase and Ki-67, PD-L1/Ki-67 double positive mast cells were rare (3%,
3/94, 4 fields, 60x) as seen in Figure 5.6.
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Figure 5.6. MCL splenic mast cell infiltrates exhibit rare dual expression of PD-L1
and Ki-67. A, B, C, D show four fields of view of a single MCL patient spleen sample
that was analyzed by multiplexed fluorescent IHC. Individual channels are shown in
grayscale and merge (right) is pseudocolored - tryptase (green), Ki-67 (red), PD-L1
(yellow). White arrows indicate dual positive, Ki-67 and PD-L1, mast cells. Red arrow
indicates interesting interaction between PD-L1 positive mast cell and Ki-67 cell. Scale
bar 20 μm, 60x.
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5.5 Discussion
Here we demonstrate that many mast cell diseases contain a proliferative fraction in
disease tissue as identified by traditional chromagenic immunohistochemistry. When
interrogated by multiplex immunohistofluorescence, it was clear the original total
proliferative fraction of the tumor as calculated by single stain IHC by pathologists was
uncorrelated to proportion of proliferating mast cells in the tissue. We see this in a
number of different diseases, including mast cell leukemia and myelomastocytic
leukemia. Importantly, it is a very minor fraction of the mast cells that exhibit Ki-67
positivity. This may explain why traditional chemotherapeutics have not worked in mast
cell diseases, such as mast cell leukemia.

Proliferation was also observed in many different anatomical compartments, including
the bone marrow, spleen, and lymph node. These results are significant in that it was not
previously thought that terminally differentiated mast cells were proliferative once in the
peripheral circulation (Dahlin and Hallgren 2015), though the spleen and the lymph node
are often the sites of extramedullary hematopoiesis in myeloproliferative diseases. To
this end, it would be interesting to examine other non-lymphoid tissues to identify mast
cell seeding or proliferation in other organs or sites, including the peripheral vasculature.

Additionally, we report a small fraction of mast cells that are both PD-L1 and Ki-67
positive. Immune system evasion (PD-L1) and proliferation (Ki-67) are known to be key
carcinogenic processes. Our findings that mast cell disease exhibits low fractions of both
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immune evasive and proliferating mast cells suggests further investigation is necessary to
establish the expected proliferative indices of mast cells

Finally, we have observed a small fraction of normal, extramedullary mast cells that are
Ki-67 positive. Further investigation is warranted by this unexpected observation. IHF
will continue to be useful in this line of study to simultaneously image architecture, cell
lineage and differentiation status specific markers towards better understanding the
pathophysiology of mast cell disease.
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Chapter 6: Results – ErbB1 Heterodimerizes with RON at the Plasma Membrane
Altering Downstream ErbB1 Signaling

Hatch, E.W., Grattan, R., Wilson, B.W. & Lidke, D.S. RON-erbB1 heterodimerization
alters erbB1 endocytosis and downstream signaling. In preparation.

6.1 Introduction
Studies elucidating the role of adaptive signaling in targeted cancer therapy resistance
have increased the urgency of understanding the mechanisms and implications of
processes like receptor crosstalk. Several examples of crosstalk have been reported
between members of the Receptor Tyrosine Kinase (RTK) Family, including the
Epidermal Growth Factor Receptor (EGFR, erbB1) and Recepteur d’Origine Nantais
(RON). ErbB1 is a well-known driver of oncogenic signaling in many cancers.
Overexpression of RON has been correlated with poor prognosis in cancers of epithelial
origin (e.g. head and neck squamous cell carcinoma, transitional cell carcinoma) and is
suspect in targeted-erbB1 therapy resistance (Hsu et al. 2006; J. Keller et al. 2013a).
However, the physiological consequences and the molecular mechanisms of RON-EGFR
crosstalk are not completely understood. Here we utilize electron microscopy (EM),
single particle tracking (SPT), flow cytometry and phosphorylation kinetics of key EGFR
tyrosines and downstream signaling molecules to suggest a physical interaction between
RON and EGFR at the cell surface with significant alterations to endocytosis and
downstream signaling.
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The erbB family of receptor tyrosine kinases crosstalk with other receptor pathways, the
receptors can undergo physical heterodimerization with non-family members, including
AXL, IGF1R, and PDGFRβ (Vouri et al. 2016; Chandarlapaty et al. 2011; Kennedy et al.
2016; McCleese et al. 2013; Saito et al. 2001). This characteristic is also suspected of
Met family receptor proteins, an additional potential heterodimer partner of erbBs
(Linklater et al. 2016; Mueller et al. 2010). Furthermore, early studies of the molecular
interaction of RON and EGFR documented interaction by means of coimmunoprecipitation (Peace et al. 2003; J. Keller et al. 2013b). Finally, clinical studies
have documented worse prognosis for dual overexpression of RON and EGFR proteins
(Hsu et al. 2006; J. Keller et al. 2013b).

Met family RTKs are understood to homodimerize as a component of initiating their
signal cascade, but the kinetics are not yet understood (Niemann 2011; Koschut et al.
2016; G. Rodrigues and Park 1994; Ponzetto et al. 1994). It has been previously
demonstrated that stimulated receptors undergo diffusional slowdown due to
conformational changes and accrual of secondary messengers and as such are considered
activated (Low-Nam et al. 2011). To date, no studies have been able to demonstrate a
physical interaction between EGFR and RON in live cells. However our group suspected
the possibility of interaction might be explored with sub-diffraction limit, quantitative
fluorescence microscopy techniques.
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6.2 Expression of wildtype RON in A-431 human epidermoid carcinoma cells
Initial studies began in HCT-116 human colon colorectal carcinoma cells which
endogenously express RON and EGFR and were available from a collaborator.
However, early studies indicated that RON existed as a myriad of splice variants in these
cells and wildtype RON at the cell surface or even as a transcript was minimal as
determined by immunofluorescence and mRNA RT-PCR (Figure 6.1, A and B).

In order to study surface interaction of wildtype RON, I created a hemagglutinin-tagged
RON construct (Figure 6.1, C and D) and stably expressed it in A-431 human epidermoid
carcinoma cells (Figure 6.1, E and F). In order to ensure the HA-RON construct behaved
as expected, I conducted a scratch assay study. HA-RON cells grew much more quickly
than the parental A-431 cell line, so I characterized the expansion with a growth curve
study (not shown). With this data I was able to seed a plate and apply a wound to the
nearly confluent cell wells. I utilized an IncuCyte Live Cell Analysis System to enable
the imaging of cells for 48 hours as the wound healed (Figure 6.1G). HA-RON
transfected cells were able to migrate in a coordinated fashion to close the wound just
prior to 48 hours whereas the parental A-431 cells failed to cover the scratch significantly
after the 48 hours (Figure 6.1H). Finally, to ensure the HA-tag did not inhibit binding of
the MSP ligand, I conducted a BLItz affinity assay. Full length (fl) RON was transfected
into HEK 293 cells and this along with HA-RON A-431 cells were grown, harvest and
lysed. His-tagged MSP was immobilized on a nickel BLItz tip and total cell lysates were
then incubated with the tip. HA-tagged RON performed similarly to the fl-RON lysate,
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indicating that the HA-tag did not impair MSP binding (Figure 6.1I). EGFR served as a
negative control.
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Figure 6.1. Wildtype RON protein endogenous expression in HCT116 and stable
transfected expression in A-431 cells. A) HCT116 cells were fixed and permeabilized
for immunofluorescence. RON (DyLight650, red) and EGFR (Alexa Fluor® 488, green).
Scale bar 20 μm. B) mRNA RT-PCR of HCT116 parental and shRNA knockdown of
RON, varying cycle numbers and using splice variant specific primers. C) HA-tagged
RON construct depicting HA-tag and alanine linker. D) HA-tagged RON construct
plasmid map. E) A431 cells were fixed and permeabilized for immunofluorescence. AntiHA Alexa Fluor® 488, green. Scale bar 20 μm. F) iCyt FACS scatterplot depicting A431 population expressing HA-RON construct and approximately 27% transfection
efficiency by iPorator electroporation. G) IncuCyte live-cell images taken of HA-RON
(left of each set) and parental (right of each set) A-431s plated and wounded. Left set of
images depicts cell wound healing post-24 hours, showing remaining wound (blue) and
healed regions (purple). Right set of images depicts cell wound healing post-48 hours. H)
Quantification of wound healing progress as percentage wound coverage divided by the
initial wound area. I) BLItz affinity assay graph depicting binding to nickel biosensor.
First MSP-His binds, followed by RON constructs from total lysates of HA-RON from
A-431s (green) or full-length, untagged RON from HEKs (maroon). EGFR served as a
negative control (orange).
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6.3 RON homodimerization and activation by MSP ligand
Using previously validated SPT methods and computation (Low-Nam et al. 2011; M. P.
Steinkamp et al. 2013; Valley et al. 2015), I tracked resting HA-RON then stimulated the
cells with 20 nM of MSP. After ligand, addition I acquired a 1,000-frame movie
approximately every minute to determine the optimal activation time point for SPT
imaging of RON activation (Figure 6.2A). In order to choose an activation time
reasonably after stimulation but prior to endocytic events, 5 minutes was chosen based on
a statistically significant decrease in RON diffusion (Figure 6.2B). This result indicates
HA-RON is substantially activated by 20 nM MSP within five minutes. Cumulative
probability and MSD analysis was collected from subsequent experiments and both
methods of analysis confirmed HA-RON slowdown (Figure 6.2C).

Following 3 days of data collection where 214 movies were obtained, hidden Markov
model (HMM) analysis was performed for likely receptor states of interaction based on
tracked receptor behavior. For this analysis, the separation distance for a dimer was set
to 50 nm. HMM analysis determined the domain size chosen for co-confined receptors
as 100 nm and 150 nm for the resting and MSP-stimulated receptors, respectively. In the
resting state, very few HA-RON dimers were identified, though one extended the length
of the 50 second acquisition (Figure 6.2D, left). MSP-stimulated HA-RON dimers were
more frequent (Figure 6.2D, right).
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HMM analysis yielded Viterbi plots for all dimer candidates (Figure 6.2D, insets) which
estimates the state of the two receptors interacting per their kinetic behavior as 1) freely
diffusing, 2) co-confined, or 3) dimerized (Figure 6.2E, diagram). Viterbi plots indicative
of dimer candidates were used to identify image series to generate movies from the dimer
pairs region. I then reviewed these movies to remove any dimer pair candidates that were
a result of bleed-through or suboptimal track fitting and recomputed the analysis (Figure
6.2E). From this data, while a few dimer events were captured, they were rare and too
few to calculate off rates.

Finally, correlated motion analysis was performed as an independent verification of
receptor displacement and mobility during periods of close proximity of receptors. Both
resting and MSP-stimulated dimers displayed a decrease in uncorrelated motion with
small separation distances, as would be expected of a physically dimerized pair moving
in unison (Figure 6.2F). Both treatments of HA-RON exhibited a dramatic change in
uncorrelated motion similar to that reported for EGF-stimulated EGFR (Low-Nam et al.
2011). Also expected of dimers, the jump magnitude decreased when separation distances
were small, suggesting a diffusional slowdown upon dimerization (Figure 6.2G). The
degree of both HA-RON treatment jump magnitudes decrease is similar to that of EGFinduced EGFR dimers (~0.02 μm) (Low-Nam et al. 2011).

Taken together, the known ligand of RON, MSP, causes HA-RON to undergo diffusional
slowdown upon stimulation. The HA-RON receptor is observed to dimerize in the
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presence and absence of the ligand as indicated by states estimated by HMM separation
distance and correlated motion analysis. However, these dimer rates are rare and further
work will be needed to determine accurate off rates.
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Figure 6.2. HA-RON in A-431 cells undergoes diffusional slowdown upon addition
of MSP. A) Time points for optimal SPT image acquisition post-MSP treatment were
determined by comparing diffusion coefficients taken from a series of resting cells and
from a time progression series of stimulated cells. B) MSD-calculated diffusion
coefficients of MSP-stimulated HA-RON were statistically lower than unstimulated cells
in a paired t-test assuming equal variances (n = 3, α = 0.05) Error bars depict SEM. C)
Cumulative probability plot of squared displacements of QD-605 tracking HA-RON in
the resting (black, 125,534 displacements) and MSP-stimulated (red, 139,478
displacements) conditions. A shift to the left indicates diffusional slowdown. D) Mean
squared displacement plot, where a decrease in slope indicates a decrease in displacement
as a function of increments of time (∆t). E) Histogram of numbers of RON-RON
homodimers binned by dimer lifetime in seconds. Insets include an example Viterbi plot
from either resting HA-RON (left) or MSP-stimulated HA-RON (right). F) Above:
Schematic depicting the continuous movement between three possible states (dimer, coconfined, and freely diffusing) given by hidden Markov modeling analysis. Below:
Movie stills depicting a freely diffusing (free), co-confined, and dimerized HA-RON
receptor pairs (right). G) Uncorrelated motion plot showing that both resting HA-RON
(black) and MSP-stimulated HA-RON (red) have a decrease in uncorrelated motion with
decreases in separation distance. H) Jump magnitude plot where both resting HA-RON
(black) and MSP-stimulated HA-RON (red) show decreased jump magnitude with
decreases in separation distance.
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6.4 RON is trans-activated by EGF ligand
Reports have shown that RON is stimulated by EGF treatment in cells co-expressing
EGFR. To confirm the behavior in our HA-RON A-431 cell line, immunoblotting was
performed (Figure 6.3A). EGF-stimulation was seen to cause RON phosphorylation
approximately three-times above baseline. To check for direct binding of EGF to RON, I
performed an affinity assay on a BLItz system with purified extracellular domain (ECD)
proteins of RON and EGFR. EGFR-ECD bound with more than 2.5x increased affinity
while the RON-ECD was narrowly detectable above baseline and was entirely removed
during the final washing dissociation step, suggesting non-specific binding only (Figure
6.3B). This assay confirms that RON does not directly bind EGF ligand and that
stimulation seen on immunoblots is likely a product of first, EGFR stimulation by EGF
ligand and second, trans-activation of RON by either EGFR directly or by an
intermediate.
Next, SPT was performed in the HA-RON A-431 cells stimulating with 50nM nonfluorescent EGF for 30 seconds and image acquisition was conducted for 8 minutes after
ligand addition. Diffusion analysis revealed EGF ligand induced a diffusional slowdown
of HA-RON receptor similar to that of RON’s ligand, MSP (Figure 6.3C and D). Given
the immediate nature of HA-RON diffusional slowdown, it is likely the trans-activation
of RON by EGF ligand is occurring at the plasma membrane.
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Figure 6.3. HA-RON in A-431 cells is trans-activated by EGF ligand and undergoes
diffusional slowdown at the plasma membrane. A) Immunoblot depicts stimulation of
RON with 50 nM EGF addition for 2 minutes. pRON signal is normalized to total RON
signals simultaneously imaged by multiplex fluorescent secondary antibodies. Pan Akt
serves as an additional loading control. B) EGF-affinity was tested using a BLItz System
to examine associations between EGF and the extracellular domains of EGFR (purple)
and RON (pink). The graph depicts the binding of the molecules to the BLItz tip over
time. After washing, EGF-biotin was adhered to a hydrated streptavidin BLItz tip and
after a subsequent wash, 4 μM biotin was used to saturate unbound streptavidin sites
before a 1:10 dilution of the purified proteins was exposed to the tip for affinity readings.
The final step allowed for receptor dissociation in buffer. C) Mean squared displacement
graph depicting diffusion curves and calculated diffusion coefficients for resting HARON (black), HA-RON stimulated with 20 nM MSP for 5 minutes (red), and HA-RON
stimulated with 50 nM EGF for 30 seconds (blue). D) Graph depicts average diffusion
coefficients for resting HA-RON (black) and HA-RON stimulated with MSP (red) or
EGF (blue). Error bars represent SEM.
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6.5 RON co-clusters with EGFR at the plasma membrane
Previous studies have demonstrated physical association between EGFR and RON by coimmunoprecipitation assays (Peace et al. 2003; J. Keller et al. 2013b; Hsu et al. 2006; H.S. Liu et al. 2010). The limitations of these assays are that they are not performed in live
cells and are less sensitive to spatiotemporal data than other techniques. This leaves the
question as to whether RON and EGFR interact directly at the plasma membrane through
physical dimerization.

First, we preformed electron microscopy (EM) on the inner leaflet of parental A-341 and
HA-RON A-431 cell lines with a rip-flip assay (Figure 6.4A). In the parental A-431
cells, the total number of homo-clusters by number of receptor participants did not vary
by treatment (resting, 5 minutes of 5 μM MSP, or 2 minutes of 50 nM EGF) for both
RON and EGFR as determined by single factor ANOVA. In the HA-RON cells, EGF
treatment contributed to a significant increase in RON monomers (p<0.01) and EGFR
homo-clusters larger than 20 receptors (p<0.01) as determined by single factor ANOVA
and post-hoc Tukey’s test. When numbers of clusters were weighted to account for all
receptors participating in a homo-cluster (number of clusters multiplied by the lower
number for the range of participants), there were far more receptors participating in
clustering in the EGF treatment in the HA-RON cells (Figure 6.3B). Trends were not as
clear in the parental A-431 cells.
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Hetero-clusters between RON and EGFR were also examined and co-clustering of RON
and EGFR was observed. No differences in the percent of RON clustered with EGFR or
EGFR clustered with RON as determined by co-cluster analysis were detected in the
parental A-431 between the conditions (resting, 5 minutes of 5 μM MSP, or 2 minutes of
50 nM EGF) by single factor ANOVA (Figure 6.4C). In the HA-RON cells, EGF
treatment contributed to a significant increase in EGFR clustered with RON (p<0.01)
determined by single factor ANOVA and post-hoc Tukey’s test. This increase in
clustering between EGFR and RON was negated when cells were pre-treated with 2
hours of EGFR tyrosine kinase inhibitor PD153035.
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Figure 6.4. HA-RON A-431 cells exhibit EGF-induced homo- and hetero-clustering
at the plasma membrane as detected by EM. A) Panel of TEM images from rip-flip
experiments. RON is labeled in small gold particle (6 nm) and EGFR is labeled in the
larger gold particle (12 nm). The three conditions examined (resting, 5 minutes of 5 µM
MSP, or 2 minutes of 5 nM EGF) are identified at the top of each image and each cell
line appears in a row. Scale bar is 200 nm. B) Homo-cluster size distribution displayed
as numbers of receptors participating in each size of cluster, for both cell lines under each
condition. Left: EGFR homoclusters. Right: RON homoclusters. C) Percent of receptors
hetero-clustering in both cell lines per treatment. Left: No pre-treatment. Right: 2 hours
of 1 µM PD153035 EGFR inhibitor pre-treatment. Asterisk indicates p < 0.01.
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6.6 RON heterodimerizes with EGFR at the plasma membrane
Live-cell SPT has high spatiotemporal resolution and is ideally suited for the difficult
task of elucidating RON and EGFR receptors interacting at the plasma membrane. Using
the previously validated SPT methods and computation discussed above (Low-Nam et al.
2011; M. P. Steinkamp et al. 2013; Valley et al. 2015), I tracked unstarved, resting HARON with anti-HA-QD605 then stimulated the cells with 30 seconds of 50 pM of EGFQD655. Here I was able to utilize the two channel SPT image acquisition to
simultaneously track HA-RON and EGFR (Figure 6.5A).

Initial analysis via cumulative probability and MSD plots were pooled over 9 days of
experiments and many RON-EGFR heterodimers were detected (Figure 6.5E). Both
methods of analysis confirmed HA-RON slowdown (Figure 6.5, B and C). Values were
compared to previously determined diffusion coefficients (Table 6.1) (Low-Nam et al.
2011).

Correlated motion analysis was again performed as an independent verification of
receptor displacement and mobility during periods of close proximity of receptors.
EGFR and HA-RON displayed a decrease in uncorrelated motion (Figure 6.5D) with
small separation distances to a slightly lesser degree than RON-RON homodimers with or
without MSP-stimulation (not shown). Also expected of dimers, the jump magnitude
decreased when separation distances of EGFR and HA-RON were small (Figure 6.5D),
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this time larger than the unliganded or MSP-liganded RON-RON homodimers (Figure
6.2H).

HMM analysis yielded Viterbi plots for all dimer candidates (Figure 6.5F). Viterbi plots
indicative of dimer behavior was used to identify images to convert to movies and
review. From this data, I was able to calculate off-rates for EGFR-RON dimers which
exhibited a 0.119±0.0123 s-1. These values were compared against previously obtained
off-rates of QD-EGF tracking for EGFR-EGFR homo-dimers (Table 6.2) (Low-Nam et
al. 2011). Interestingly, though the diffusion coefficients identified by the two researchers
for QD-EGF differed only by one one-hundredth in cumulative probability analysis, in
which more recent experiments were faster (Table 6.1), RON-EGFR heterodimers (off
rate of 1.19E-01±1.23E-02) were found to be more stable than EGFR-EGFR (off rate of
2.73E-01±1.28E-02, Table 6.2).

Taken together, the known ligand of EGFR, EGF, causes HA-RON to undergo
diffusional slowdown upon trans-stimulation of the EGFR receptor in a matter of
seconds. This timescale confirms that the receptor interaction is happening at the plasma
membrane. The HA-RON receptor is then observed to hetero-dimerize with EGFR in the
presence of the EGF ligand, as indicated by states estimated by HMM analysis and
correlated motion analysis, independently.
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Figure 6.5. HA-RON exhibits slowdown and dimerization with EGF-QD655 at the
plasma membrane. A) Updated schematic depicting the 3 states of behavior reported by
HMM analysis (freely diffusing, co-confined, dimerized) now where two QD channels
track the two separate receptors, EGFR (E) and RON (R). Accompanied by stills from
movie created from following a RON-EGFR heterodimer. B) Distribution of jump sizes
plotted as Cumulative Probability for Delta T =3. Shift of the RON jump size distribution
to the left with EGF addition (blue) compared to resting (black) indicates a reduction in
RON mobility in the presence of activated EGFR. C) Diffusion coefficients calculated by
mean squared displacement and reported as an average with 95% confidence intervals
(brackets) for resting (black) and QD-EGF-treated (blue) HA-RON. D) Correlated
motion analysis of EGFR and HA-RON heterodimers where uncorrelated jump distance
(blue) and jump magnitude (red) are reported. Error bars indicate SEM. E) Histogram
depicting all EGFR -RON heterodimers over 9 days of experiments as a function of
dimer lifetime in seconds. F) Fifteen example EGFR -RON heterodimer Viterbi plots
depicting the behavior state predicted by HMM analysis over time: freely diffusing (red),
co-confined (purple), and dimerized (blue).
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Table 6.1. Diffusion coefficients table. Diffusion coefficients reported by Low-nam et
al., 2011 as determined from cumulative probability analysis. These values are compared
to my recently collected EGFR (erbB1) data, unpublished diffusion coefficients,
calculated by cumulative probability analysis. Values determined for RON, calculated by
cumulative probability or mean squared displacement analysis, as indicated, are also
reported. CPA fits were problematic for RON data and were not used in further analysis.
N is the number of square jumps used in the fit.
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Table 6.2. HMM transition rate estimation table. HMM transition rate estimation
reported by Low-nam et al., 2011 are compared with my recently data, collected by
similar methods. N.B. Low-nam et al. utilize QD-EGF to follow EGFR-EGFR
homodimer state transitions where as I utilize QD-EGF to follow HA-RON-EGFR
heterodimer state transitions.
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6.7 RON alters early and late time-point phosphokinetics of EGFR and downstream
effectors, Erk and Akt
After stimulation with EGF and dimerization, EGFR initiates its signaling cascade by
phosphorylation of key tyrosine residues. Phosphotyrosine 1068, a fast-kinetic
autophosphorylation residue, can recruit Stat5, PLCγ, and Grb2 (Hsieh et al. 2010). Grb2
recruits Son of Sevenless (Sos) and the GTPase, Ras, to initiate the canonical MAPK
pathway. Phosphotyrosine 1148, a slow-kinetic autophosphorylation residue, is the
preferred binding site of Shc, which recruits the Grb2-Sos-Ras axis as well (Sakaguchi et
al. 2016; Hsieh et al. 2010). To determine if RON co-expression and dimerization events
alter EGFR early time-point phosphorylation at tyrosine residues 1068 and 1148, I
preformed immunoblotting on lysates from unstarved parental and HA-RON A-431 at
baseline, then with 30 seconds, 1, 2, 5, and 10 minutes of saturating EGF ligand at 37°C.
In order to achieve temporal precision of the time-points, I rinsed the plates with cold
PBS, aspirated the plate, then floated the plate on a layer of liquid nitrogen. After the
plate had warmed, I harvested the cells with an NP-40 lysis buffer and proceeded with
blotting as usual.

After five biological replicates, I analyzed the results by densiometry. While individual
blot data was noisy (Figure 6.6A, left and right), examining the blots together revealed a
pattern. RON-transfected cells demonstrated an earlier, sustained maximum of
phosphorylation of Y1068 (Figure 6.6, B and C). Pairwise comparison of the blots also
demonstrated that in the RON-transfected cells EGFR was phosphorylated at these
residues earlier than the parental A-431 cells (not shown). In examining the
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phosphorylation patterns within the cell lines, RON-transfected cells revealed a pY1068
signal that was larger in magnitude and duration than its pY1148 signal, whereas the
parental cell line exhibited less difference between the two residues early
phosphorylation kinetics (Figure 6.6, D and E). Finally, RON-transfected cells seem to
reach early phosphorylation saturation and maintain a constant level after about 2 minutes
whereas the maximum phosphorylation is not reached for pY1068 and pY1148 in the
parental A-431 cells until the end of the assay at 10 minutes (Figure 6.6, D and E).
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Figure 6.6. RON-transfected cells accelerate early phosphorylation events and
magnitude. A) Left: Five days of data depicted in bar graph to express the heterogeneity
displayed by the system. Each biological replicate consisted of 6 time points of paired
HA-RON (blue) and parental A-431 (orange) cell samples. Each bar represents 0, 30s,
1m, 2m, 5m, 10m. Right: Blot one of five replicates of the early phosphokinetic
immunoblot assay. B) Graph depicting comparison of kinetics of Y1068 phosphorylation
in RON A-431 (blue) and parental A-341 (orange) cell lines. Values are expressed as an
average across five blots of each blot’s phospho-protein normalized to total protein and
expressed as a percentage of the max. Error bars are SEM. C) Kinetics of Y1148
phosphorylation in RON A-431 (blue) and parental A-341 (orange) cell lines. Displayed
as in B. D) Comparison of phosphokinetics for pY1068 (grey) and pY1148 (green) in
RON A-431 cells. E) Comparison of phosphokinetics for pY1068 (grey) and pY1148
(green) in parental A-431 cells.
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After initial plasma membrane phosphorylation events, EGFR is endocytosed and
initiates signals through the mitogen activating protein kinase (MAPK) cascade and the
Akt pathway. It has been demonstrated that the rate of endocytosis alters EGFR
signaling (Goh et al. 2010). To determine how RON co-expression and dimerization
events alters later EGFR phosphorylation events, I examined tyrosine residues 1068 and
1045, both crucial for recruitment of Grb2, Cbl, which controls the ubiquitination of the
receptor. I preformed immunoblotting on lysates from starved parental and RONtransfected A-431 cells, with physiological levels of EGF for 5, 15, 30, 60, and 120
minute stimulations and compared these to baseline.

After five biological replicates, I analyzed the results by densiometry. Again, while the
individual blots were noisy (Figure 6.7A, left and right), the blots together revealed
differences at the EGFR phosphotyrosine residues and downstream cascade markers,
phospho-Erk and phospho-Akt. RON-transfected cells undergo earlier pY1068
phosphorylation on a longer timescale, just as it appeared on the shorter phosphokinetics
when blots were compared pairwise (Figure 6.7B). pY1045 comparisons suggested that
the parental A-431 cells may become phosphorylated slightly earlier than RONtransfected cells, but a more finely resolved temporal resolution would be required
between 5 minutes and 20 minutes to be certain (Figure 6.7C). Comparisons between
phosphotyrosine kinetics within each cell line revealed only slight differences, namely a
faster pY1068 onset in the RON-transfected cells and the opposite in the parental A-431s
(Figure 6.7, D and E).
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Downstream effector readout differed more distinctly between the two cell lines. While
Erk was phosphorylated slightly earlier in parental A-431s, with much greater magnitude
(Figure 6.7F), phosphorylation of Akt demonstrated the most striking difference. RONtransfected cells were extremely delayed in the activation of this cascade, as compared to
parental cell lines, which had a consistently high initial pErk signal (Figure 6.7G).
Analysis of pErk and pAkt phosphokinetics within each cell line emphasized this
difference. Parental A-431 cells had very similar patterns of activation of the two
effectors, peaking sharply at 15 minutes and diminishing over time. RON-transfected A431 had a much more blunted onset of phosphorylation of Erk that was maintained after
the decrease of signal in parental cells (Figure 6.7H). RON-transfected A-431
demonstrated a slowing rising pAkt, which finally reached maximum at 120 minutes
(Figure 6.7H) as compared to the parental A-431 which reached maximum pAkt signal in
approximately 15 minutes (Figure 6.7G).
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Figure 6.7. RON-transfected cells demonstrate downstream signaling delay at later
time-points. A) Left: Five days of data depicted in bar graph to express the heterogeneity
displayed by the system. Each biological replicate consisted of 6 time points of paired
HA-RON (blue) and parental A-431 (orange) cell samples. Each bar represents 0, 5m,
15m, 30m, 60m, 120m. Right: Blot one of five replicates of the late phosphokinetic
immunoblot assay. B) Graph depicting comparison of late kinetics of Y1068
phosphorylation in RON A-431 (blue) and parental A-341 (orange) cell lines. Values are
expressed as an average across five blots of each blot’s phospho-protein normalized to
total protein and expressed as a percentage of the max. Error bars are SEM. C) Late
kinetics of Y1045 phosphorylation in RON A-431 (blue) and parental A-341 (orange)
cell lines. Displayed as in B. D). Comparison of phosphokinetics for pY1068 (grey) and
pY1045 (green) in RON A-431 cells. E). Comparison of phosphokinetics for pY1068
(grey) and pY1045 (green) in parental A-431 cells. F) Graph depicting comparison of
downstream phosphorylation kinetics of Erk in RON A-431 (blue) and parental A-341
(orange) cell lines. Values are expressed as an average across five blots of each blot’s
phospho-protein normalized to total protein and expressed as a percentage of the max.
Error bars are SEM. G) Downstream kinetics of Akt phosphorylation in RON A-431
(blue) and parental A-341 (orange) cell lines. Displayed as in F. H) Comparison of
phosphokinetics for pErk (grey) and pAkt (green) in RON A-431 cells. I) Comparison of
phosphokinetics for pErk (grey) and pAkt (green) in parental A-431 cells.
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6.8 RON does not internalize with EGFR in endosomes, but perturbs endocytosis
and clathrin distribution
Since EGFR and RON were shown to heterodimerize at the plasma membrane by SPT,
we next wondered if the receptors co-endocytose. To investigate this, I preformed
immunofluorescence experiments on HA-RON cells serum-starved for 1 hour, followed
by a 5 minute, 5nM, EGF-Rhodamine stimulation. Cells were rinsed in cold PBS, then
fixed in 4% PFA and permeabilized with 0.1% Triton, blocked and incubated with
antibodies against clathrin and pRON (Figure 6.8A). Clathrin was seen to aggregate
where phospho-RON signal was the highest especially at the leading edge, even at the
expense of co-localizing with the abundant EGF (Figure 6.8A, top panel, arrow).
However, there were many instances in which all three – pRON, EGF, and clathrin –
were all seen to be co-localized puncta at the cell surface (Figure 6.8A, lower panels,
arrows).

To investigate the internalization kinetics of EGFR in the presence of RON, I performed
fluorescent EGF flow cytometry studies. Briefly, cells were treated with 10 nM EGFfluorescein for 5, 10, 20 minutes, or left untreated for baseline fluorescence
measurements. Following treatment, half of the sample from each time-point was acid
stripped to remove surface labeling (leaving only the endocytoses fluorescence) and the
other half of the sample was fixed in 4% PFA immediately (indicative of total binding).
Parental cells demonstrated a more rapid internalization kinetic when analyzed for
proportion of internalized receptors (stripped cellular fluorescence divided by unstripped
cellular fluorescence, Figure 6.8B, blue line) as compared to RON-transfected cells.
142

However, the two cell lines were noted to differ in total amounts of EGFR, despite being
of very low passage number from original A-431 cells purchased from ATCC. Another
means of analysis was undertaken in which the total numbers of internalized receptors
was calculated (Figure 6.8C). At 20 minutes RON-transfected cells seem to be
continuing to internalize EGFR receptors as indicated by linearly increasing fluorescence
values (Figure 6.8C, red line) whereas the parental A-431 cell line seems to have
saturated at 200,000 EGFR internalized (Figure 6.8C, blue line). If we look at the timepoint in which RON-transfected cells have internalized 200,000 receptors, it seems to
have occurred by 5 minutes, perhaps suggesting that RON-transfected cells actually
internalize fluorescent EGF more rapidly and that the proportion of receptors internalized
is not a good measure for this scenario.

In order to look at co-occupancy of endosomes, I repeated the initial immunofluorescence
experiment, combining it with the acid strip utilized in the flow cytometry assay. This
allowed for much of the surface fluorescence to be removed and imaging of only the
internalized receptor complexes. Staining again for pRON after a 10 minute treatment
with 10nM EGF-fluorescein, it seemed that though there were numerous pRON, EGFfluorescein puncta, they did not colocalize except for very rarely (Figure 6.8D, top panel,
arrow).
Finally, of note we saw less than the expected numbers of clathrin-coated pits on the
EGF-treated cells by EM than we had in conducting previous A-431 studies (Hsieh et al.
2010).
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Figure 6.8. EGFR co-localized with RON at the plasma membrane, but does not coendocytosis. A) Immunofluorescence assay depicting RON-transfected cells treated for
5 minutes with 5 nM EGF-fluorescein (orange) and stained for pRON (green) and
clathrin heavy chain (red). Arrows in top panel indicate co-localization of pRON and
clathrin signals. Arrows in lower two panels identify co-localization of EGF-Rhodamine,
pRON and clathrin at the cell surface. Scale bar 5 µm. B) Graph depicting proportion of
internalized EGF-fluorescein by flow cytometry in which cells were treated for 0, 5, 10,
or 20 minutes with 10 nM EGF-fluorescein and then pairwise acid stripped or mock
treated to give a ratio of stripped (internalized) to unstripped (total binding) ratios.
Parental (blue) and RON-transfected (red). C) Graph depicting flow data reported an
alternate way in which total numbers of internalized receptors are reported. Parental
(blue) and RON-transfected (red). D) Immunofluorescence assay depicting RONtransfected cells treated for 10 minutes with 10n M EGF-fluorescein (green), followed by
acid stripping to eliminate surface staining and probed for pRON (red). Arrow depicts
rare co-localization (top panel). Scale bar 10 µm.
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6.9 RON alters EGFR expression via mRNA upregulation
During flow cytometry experiments, I noticed the baseline EGF fluorescence was much
higher in the RON-transfected cells than the parental A-431 cells. To determine if there
was actually more EGFR expressed on the surface of the RON-transfected cells, I
performed a quantitative fluorescent flow experiment. To do this, I incubated increasing
concentrations of fluorescent antibodies against RON and EGFR with parental and RONtransfected A-431 cells for 1 hour on ice. A standard curve for fluorescence
quantification was made with dilutions of calibrating fluorescent beads (Quantum Alexa
Fluor® 647 and 488 MESF Kits, Bangs Laboratories, Fishers, IN). Cells were then
flowed and levels of surface receptors determined. Our low passage parental A-431 cells
were found to have approximately 420,000 EGFR receptors and no surface RON above
background. The RON-transfected cells were found to have approximately 270,000
RON receptors and 4,100,000 EGFR receptors on the surface, which 10-fold more EGFR
than the parental cells (Figure 6.9C). Further, the amount of EGFR was seen to be dosedependent on the amount of RON present in the cells as seen by the linear distribution on
scatterplot between EGFR channels (APC-A) and RON channels (FITC-A) in the RONtransfected cell line (Figure 6.9B).

Next, to determine the source of the increase in EGFR at the RON-transfected cell
surface, I performed an mRNA RT-PCR. First, RNA was extracted from lysate from
both cell lines treated for mRNA enrichment. Reverse transcription utilized a random
hexamer method and final cDNA was loaded in five serial 10x dilutions ranging from
250 ng to 25 pg. The final PCR utilized primers against EGFR and an internal
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housekeeping gene, RPLPO, the bands were resolved gel (Figure 6.9D). Quantification
of the densitometry of the five dilutions of cDNA were normalized to the band for
RPLPO. This analysis indicated RON-transfected cells have approximately 2 times as
much EGFR mRNA as parental A-431 cells. These results indicated that RON coexpression upregulates EGFR at the cell surface in an mRNA-dependent manner.
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Figure 6.9. RON-transfected cells induce EGFR upregulation at the cell surface by
an mRNA-dependent mechanism. A) Scatter plot of parental cells labeled for EGFR
(APC-A channel) and RON (FITC channel). B) Scatter plot of RON-transfected cells
labeled for EGFR (APC-A channel) and RON (FITC channel). C) Graph depicting cell
surface EGFR quantification from flow cytometry measurements. D) EGFR cDNA blots
made from EGFR mRNA from lysate purified from each cell line. E) Quantification of
densiometry acquired from RON (orange line) and parental (blue line) cDNA of blots in
the last three lanes in D.
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6.10 Discussion
The data here demonstrates that EGFR and RON heterodimerize at the plasma membrane
and alters downstream signals in a physiologically relevant manner. After construction
and demonstration of a dimer-competent, wildtype RON, we demonstrated that RON coclusters with EGFR at the plasma membrane by electron microscopy. EM results show
the overexpression of RON in the A-431 cell line changes the clustering characteristics of
EGFR. Our EM data suggests that EGF treatment does not increase the numbers or size
of RON homo-clusters in the HA-RON cell line. Hence the mechanism of EGF-driven
increases in RON phosphorylation does not occur by EGF-induced RON
autophosphorylation. EGF treatment in the HA-RON cell lines does increase the number
of large (>20 receptors) EGFR and increase the number of RON monomers, which would
be available for subsequent hetero-dimerization. This hypothesis is supported by the
increase in EGFR clustering with RON under EGF treatment as compared to baseline.
Furthermore, this increase in clustering is reversed when the cells are pre-treated with 2
hours of EGFR tyrosine kinase inhibitor PD153035. This suggests that the driver for
EGFR and RON co-clustering is driven by EGFR activation.

SPT of EGFR and RON indicate that the receptors heterodimerize in a matter of seconds
at the plasma membrane in the presence of EGF. This result is exciting proof of physical
interaction at the plasma membrane that has eluded elucidation for a decade. Since EGF
was not seen to bind RON directly or cause more or larger homodimers of RON, it is
unlikely that EGF is causing a dark oligomer that traps labeled receptors together.
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Rather, it is likely that EGF causes EGFR to undergo its usual conformational change,
opening a binding site that accommodates RON.

Early time point phosphokinetics of EGFR residues Y1168 revealed that RONtransfected cells had an earlier rise to maximum sustained phosphorylation as compared
to parental cells by several minutes. As this is the kinase-activating residue, I expected to
see earlier downstream signal propagation in these RON-transfectants. However, while
early RON-transfectant phosphorylation of Y1068 remained consistent over longer time
periods, parental cell lines had earlier downstream phosphorylation events. Parental cells
demonstrated a larger initial phosphorylation of Erk and preceded RON-transfectants in
phosphorylation signal by more than 20 minutes. This data suggests that though RON
facilitates phosphorylation of EGFR at its kinase-activating residue, it impedes
downstream signaling of EGFR, especially through pAkt. This finding is not unlike that
of internalization deficient mutant EGFR, in which Erk signaling is sustained above
wildtype EGFR levels for hours (Goh et al. 2010). However, the pronounced delay in
phosphorylation of Akt in the RON-transfected A-431s has not been previously explained
by similar mechanisms (Figure 6.6I).

It should be noted that the phosphorylation studies by immunoblot presented here are
quite noisy. Final experiments (not shown) showed vastly more consensus in outcomes
between experiments when two factors were present. First, starving of any kind robustly
activated RON, achieving levels of pRON similar to that of MSP-stimulated RON.
Experiments were subsequently done in full serum (10% FBS) media. Second, blotting

151

needed to occur on the same day as lysis collection, due to indication of lysate breakdown
despite storage in reducing loading buffer and after denaturation by heat.

I also noted that while there was good colocalization at the cell surface between
phosphorylated RON, liganded EGFR, and clathrin initially, that the receptors did not
seem to co-endocytose as determined by examining later time points of EGF-treated and
acid stripped cells. Though RON cells internalized more EGFR than parental cells per
time by flow cytometry, they did so as a lower fraction of their total than parental cells.

Finally, some studies have suggested that upon endocytosis, RON translocates to the
nucleus and may even complex with EGFR for this journey, where it is able to act as a
transcription factor (H. Y. Chang et al. 2014). I noted an upregulation in surface
expression of EGFR that was supported by an increase in EGFR transcripts in RONtransfected cells. RON co-expression may induce an increase in EGFR by a variety of
mechanisms. Further investigation should be used to determine the impact of RON
coexpression on EGFR recycling.
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Figure 6.10. EGFR undergoes early pY1068 phosphorylation and delayed activation
of Akt. Above) Diagram depicting EGFR homodimer signaling upon EGF-stimulation.
Below) Diagram depicting EGFR-RON heterodimer signaling upon EGF-stimulation,
highlighting differences.
153

As with any methodology, there are limitations to this study. First, any exogenous
alteration to a protein may alter its function. Especially as the structure of RON has yet
to be well characterized, there may be unidentified effects of the 9 amino acid HA-tag.
We saw inconsistent phosphorylation of RON upon addition of MSP which may be due
to the tag or some other intracellular condition unique to the A-431 cells. Single particle
tracking techniques are limited in the regard that imaging necessitates underlabeling,
leaving many receptors in SPT unlabeled. Also other oligomer participants may be
present, but without labeling would go unnoticed. Finally, the immunoblotting data was
quite noisy despite being statistically significant in pooled trends. This suggests there is
likely a more complex system at work than accounted for by the simple stimulation and
harvest protocol. While cells demonstrated increased levels of basal phosphorylation
with starvation conditions, further studies should examine starvation and/or treatment
with inhibitors that eliminate EGF-shedding (e.g. Batimistat) and potential for autocrine
signaling.

3.11 Future Directions
Further characterization is needed of RON phosphokinetics through the transfection of
full-length RON and HA-RON in the same cell line for side-by-side comparisons.
Additionally, transfection into other cell lines, especially with differing levels of
endogenous EGFR, may yield a receptor ratio dose-dependence of RON co-expression
influence on heterodimerization and signaling. Similarly, as unliganded and liganded
dimers were rare events in SPT and no dimer off-rates were determined, many more
tracks will be required to obtain off rates to model dimer interactions and assess the
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relative stability of RON-RON homodimers, with and without ligand. To further the
study of EGFR-RON heterodimers, a first rational step would be to track unliganded
EGFR with a camelid Fab to see if heterodimers are able to form in the absence of EGF.
With this arrangement, it would also be possible to examine if MSP-stimulated RON are
more prone to heterodimerize and how the stability of these various homo- and
heterodimers compare in stability. These data would be integral to stochastic modeling
algorithms in predicting heterodimer interactions in this system.

Further studies in immunoblotting for downstream effects of EGFR-RON interactions
should include elucidation of the mechanism of RON phosphorylation by EGFR. While it
may be a direct interaction as RON co-expression stimulates early EGFR pY1068
phosphorylation, it may also be less direct, such as through recruitment of other
downstream effector molecules and phosphorylation via other kinases, such as Src family
kinases. Further kinase inhibitor studies, phosphatase studies and small molecule
recruitment studies would be useful to this end.

Though RON cells internalized more EGFR than parental cells per time, they did so as a
lower fraction of their total than parental cells. This lower fraction could have been due
to the overwhelming of the endocytic machinery or due to RON influence on EGFR
endocytosis. More studies will be required to determine the significance and true nature
of the endocytic delay. These studies should include varieties of EGFR:RON ratios on the
cell surface and under various inhibitory conditions.
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The delay in phosphorylation of Akt does not resemble previous studies in which EGFR
internalization deficient mutants had abruptly truncated Akt signaling (Goh et al. 2010).
Instead, the pattern is more reminiscent of clathrin-inhibited EGFR signaling (Garay et al.
2015). There are many opportunities for interaction in the secondary messengers common
between RON and EGFR signaling cascades that could perturb EGFR clathrin-mediated
endocytosis (CME).

EGF-stimulated PI3K activation is mediated through Grb2 and Gab1 (Tomas, Futter, and
Eden 2014; Mattoon et al. 2004) and the first role demonstrated for Gab1 in the literature
was its integral role in EGF-induced EGFR signaling through PI3K (Holgado-Madruga,
M., Emlet, D. R., Moscatello, D. K., Godwin, A. K., Wong 1996; Holgado-Madruga, M.,
Moscatello, D., Emlet, D. R., Dieterich, R., Wong 1997). In terms of binding, Gab1
associates with the plasma membrane through a Pleckstrin Homology (PH) domain and
regulates Met family kinase signal transduction by binding directly through a single
domain called the Met Binding Domain (MBD) (Lock et al. 2003). Recently it has been
amended from early theories (Weidner, K. M., Di Cesare, S. Sachs, M., Brinkmass, V.,
Behrens, J., Birchmeier 1996), and it is now thought that EGFR may indeed bind the
MDB domain of Gab 1 directly, beyond Grb2-associated binding or nearby PH-domain
membrane localization (G. A. Rodrigues et al. 2000). In 2000, the Schlessinger group
demonstrated that Gab1 does bind EGFR directly at residues pY1068 and pY1086 and
facilitates PI3K activation of targets, such as JNK (G. A. Rodrigues et al. 2000).
Inhibition of clathrin with Pitstop2 has been shown to block EGF-induced
phosphorylation of Gab1 and Akt (Garay et al. 2015). Finally, Gab1 recruitment of PI3K
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in EGF-stimulation has been shown to be important in the development of mouse
embryos, where mutation leads to precocious eye opening (Schaeper et al. 2007).
Clearly, Gab1-dependent PI3K-Akt signaling is a biologically important component of
the EGFR signaling cascade.

RON signals primarily via the PI3K-Akt pathway through Gab1, which is recruited as a
positive regulator in the state of RON hyperphosphorylation to RON residue pY1353
(Chaudhuri et al. 2011). Grb2, however, acts as a RON inhibitor. Studies have found
that in the presence of Grb2 siRNA knockdown, MSP-stimulation causes RON signal
propagation to signal robustly through pAkt. Since wildtype RON is expected to signal
through Gab1, maximally activating Akt within approximately 5 minutes, competition
with EGFR for Gab1 molecules as a mechanism for 10 minute delay of Akt activation as
compared to parental A-431s is unlikely. Erk signaling remains intact, though slightly
diminished, suggesting signals from the early endosomes are more conserved with RON
coexpression than Akt signals, which originate more from the plasma membrane.

Further studies into the nature of RON inhibition of EGF-induced phosphorylation of Akt
will be needed as many possible mechanisms exist including second messenger
sequestration or competition, steric hindrance or altered endosome kinetics. This will be
needed to understand the role of EGFR-RON heterodimerization in cell behavior and
pathophysiology, and in the role of targeted drug therapies and resistance.
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Conclusions
In this dissertation, I have demonstrated how quantitative fluorescence microscopy may
be the keystone of many biological studies, allowing higher numbers of labeled epitopes
to be examined as in IHF or allowing high spatiotemporal resolution as in SPT. With
these tools, first I have shown we are able to examine cancer-immune interactions
through multiplexed IHF as suggested by PD-L1 positive mast cells in mast cell disease.
Second, I have shown multiplex IHF to be useful in utilizing rare tissue samples in
diseases without reliable model systems to elucidate details crucial to therapy as in the
examination of mast cell proliferation. Finally, I have demonstrated evidence of the
elusive heterodimerization of EGFR and RON, implicated in cancer and targeted cancer
therapy resistances, through high spatiotemporal resolution fluorescence microscopy as
afforded by QD SPT. While these results still leave much to be studied, it is clear that
quantitative fluorescence microscopy techniques are an integral tool in the study of
oncogenesis.
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