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Abstract

Quantitative Analysis of Tyrosine Kinase Inhibitors Uptake in Cancer Cells Using Stimulated

Raman Scattering Microscopy

Thomas Hanpyo Ro

Chair of the Supervisory Committee:

Dr. Dan Fu

Multidrug resistance remains a challenging problem in anti-cancer treatment. Transporters that
regulate drug uptake and excretion are widely known to cause multidrug resistance in cancer cells.
Tyrosine kinase inhibitor, a small molecule that binds to the ATP-binding site of the tyrosine
kinase domain of epidermal growth factor receptors, is emerging as an alternative anti-cancer
treatment drug or supplementary to chemotherapy. However, even the treatment with tyrosine
kinase inhibitors faces multidrug resistance. Although some studies show interactions between
several tyrosine kinase inhibitors and different membrane transporters, much is left to be learned.

Here, three different tyrosine kinase inhibitors, lapatinib, afatinib, and osimertinib, are examined



with six drugs that inhibit solute carrier transporters using stimulated Raman scattering

microscopy.
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Chapter 1. Introduction

1.1 Drug Resistance in Cancer Cells

Chemotherapy is one of the most relied-upon methods for treating most types of cancer,
but the drug-resistant tendency of cancer cells hinders the effectiveness of chemotherapeutic drugs.
According to the National Cancer Institute, the number of patients with cancer in the United States
has been decreasing slowly since the early 1990s, and the number of cancer survivors has increased
[1]. However, as risk factors for cancer, such as obesity and longer life expectancy rise, so too will
the demand for cancer treatment. Cancer chemotherapy is estimated to reach a market value of 74
billion dollars by 2027 [2]. Characterizing drug resistance in cancer cells remains a critical field

of study in pursuing increasingly efficient drug treatment.

The ability of tumor cells to resist various anti-cancer drugs is called multidrug resistance
(MDR). There are two general categories of multidrug resistance: intrinsic and acquired (figure
1.1). Intrinsic resistance refers to the disposition of resistance factors within tumor cells before
chemotherapy, making the treatment ineffective. Acquired resistance can occur during
chemotherapy through mutations. Drugs introduced into tumor cells trigger adaptive responses,
leading to a higher expression of defensive genes against chemotherapeutic drugs. A significant
consequence of this effect is cancer relapse amongst patients receiving chemotherapy. Mutations
in membrane transporters and changes in drug metabolism cause cells to develop resistance to a

non-specific, wide range of drugs [4].
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Figure 1.1 Intrinsic (Primary) vs. Acquired Resistance
Intrinsic - when cells are resistant to treatment drug before the treatment. Acquired - when cells
develop resistance during the treatment, resulting in relapse Figure is adopted from [3]

1.2 Epidermal Growth Factor Receptors and Tyrosine Kinase Inhibitors

Epidermal Growth Factor Receptor (EGFR) is a transmembrane protein consisting of three
domains: an extracellular receptor domain, a transmembrane domain, and an intracellular kinase
domain (figure 1.2) [5]. EGFR, first isolated and characterized by Nobel Prize laureate Stanley
Cohen, is known for its role in cell growth and differentiation. When the receptor of the
extracellular domain is bound to the ligand Epidermal Growth Factor (EGF), EGFR undergoes a
conformational change that opens the ATP-binding site on the kinase domain. The binding of ATP
on this site results in phosphorylation near the C-terminal tyrosines, acting as a "docking" site for
various activating kinases such as Atk. This triggers a signaling cascade that leads to cell

proliferation and suppression of apoptosis (figure 1.3) [6].
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Figure 1.2 Structure of an Epidermal Growth Factor Receptor
Epidermal growth factor receptor, EGFR, is dived into three parts: extracellular domain,
where receptors for epidermal growth factor (EGF) can bind, transmembrane domain, and

kinase domain, where ATP-binding site is located. Subdivision of domains are shown. Figure

is adopted from [5]

11



Dimerized

N, <
Ligand binding [ < [ l EGFR
domain
Membrane
OQOO0QOOCEOO0000 Y HYYHYHYHYHYE el  slele YYVYYYYYY VY
[T T
|

Tyrosine — & SAate ¢
kinase domain ' a . A
Downstream

signaling

S -

. ‘ RAES
Apoptosis | L
Proliferation T
1

Figure 1.3 Mechanism of Epidermal Growth Factor Receptor

When EGFR ligand EGF binds, conformational changes on EGFR allows ATP binding on
tyrosine kinase domain. Tyrosines near C-terminal phosphorylates when ATP is bound to the
ATP-binding site, serving as “docking” site for other activating kinases that leads to cell
proliferation. Figure is adopted from [6]

Overexpression of EGFR genes in tumor cells has directed treatment plans toward
inhibiting the EGFR signaling pathway to stop the uncontrolled cell growth and division [5]. Anti-
EGFR-targeted therapies have been developed and are currently employed (figure 1.4) [5]. These
types of therapies have two different targets: extracellular and intracellular domains. Antibodies
are used to bind to extracellular receptors of EGFR in replacement of EGF, preventing the ligand
from binding and impeding subsequent signaling pathways. Small molecules called Tyrosine
Kinase Inhibitors (TKIs) can bind to the intracellular ATP-binding site of the kinase domain and
block phosphorylation. On-going studies show the effectiveness of targeting EGFR transcription

at the gene level [5]. This study focuses on TKIs.
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Figure 1.4 Multidimensional Targeting of EGFR

1. Monoclonal antibodies is used to target receptor domain of EGFR 2. Tyrosine kinase
inhibitors are used to bind to ATP binding site of kinase domain. Both 1 and 2 are used to
stop phosphorylation of tyrosines on kinase domain. 3. Chemo preventive agents are used to
inhibit transcription of EGFR. Figure is adopted from [5]

Chapter 2. Quantitative Analysis of Tyrosine Kinase Inhibitors Inside Living

Cells Using Stimulated Raman Scattering Microscopy

2.1 Motivation and overview

While the effectiveness of TKIs in suppressing tumor growth is proven, patients receiving
TKI treatment often experience relapse [7, 21]. As chemotherapeutic drugs become less effective
over time, tumor cells can become resistant to TKIs [8]. Multiple studies have shown how ATP-
binding cassette (ABC) subfamily membrane transporters are involved in the efflux of TKIs [9-
12,22]. ABC transporters are known to be overexpressed in tumor cells [9]. Solute carriers (SLC)
family membrane transporters are responsible for uptaking small molecules into cells. However,
little is known about influx transporters that regulate drug uptake. This study aims to expand the

knowledge on influx transporters and selected TKIs. Isolating influx transporters interacting with

13



TKIs will provide insight into drug resistance, enhanced treatment plans, and guidance for future

experiments.

2.2 SRS Microscopy

There is yet to be any study on TKI-SLC transporter interactions on live cells non-
invasively. Here, stimulated Raman scattering (SRS) microscopy was used to collect real-time
images of live cells without modifications to any drug or biomolecules. Fluorescence microscopy,
though widely used in biophotonics, has its limitations. Attaching fluorescent molecules could
easily alter drug properties: widely used fluorescence dyes are often similar in size to TKIs, which
may interrupt drug transportation through transmembrane transporters [13-15]. Photobleaching of
fluorescent dyes can also interfere with the accurate quantification of drugs inside the cells.
Infrared (IR) microscopy, in which photons are absorbed to excite molecules to their vibrational
state, can be used as label-free imaging. However, a significant drawback of IR is the strong
absorption of water molecules, which makes IR microscopy difficult for biological samples

[13,15]

Raman scattering can overcome some shortcomings of fluorescence and IR microscopy in
biophotonics. Raman scattering occurs when the energy released from a molecule in a virtual
excited state matches its vibrational state [16]. Spontaneous Raman scattering utilizes these
emission properties. However, the probability of spontaneous Raman emission is minuscule. The
time it takes to collect spontaneous Raman emissions from forging meaningful microscopic images
within the biologically relevant laser powers and wavelength would be intolerably long, especially

for living cells [13,15-16].
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Stimulated Raman scattering (SRS) and Coherent anti-Stokes Raman Scattering (CARS)
microscopy are third-order, nonlinear optical processes [13-16]. Energy level diagrams for IR,
spontaneous, and SRS are shown in figure 2.1. CARS was widely used in biophotonics before the
demonstration of SRS by Freudiger et al. [14]. CARS has heterodyne contributions that can lead
to anti-stoke shifted signals that are off-resonant, resulting in a distorted spectrum. SRS is
restricted to two pathways that can only happen if the molecule has Q = ®pump — ®stokes. One
significant advantage of SRS is that it is free from the nonresonant background observed in CARS
[13,15-18]. Also, the SRS signal is linearly proportional to concentration [17,18]. Since the

introduction of SRS, it has been a powerful alternative to fluorescence and CARS microscopy in

biophotonics.
A E,
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Figure 2.1 Energy Level Diagram of IR Absorption, Spontaneous & Stimulated Raman
Scattering

2.3 Transporter Inhibitors and Tyrosine Kinase Inhibitors

Tyrosine Kinase Inhibitors lapatinib (GW-572016, SelleckChem), afatinib (BIBW2992,

SelleckChem), and osimertinib (AZD9291, SelleckChem) were investigated. Human organic
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cation transporter (hOCT1, SLC22A1 gene), hOCT2 (SLC22A2 gene), hOCT3 (SLC22A3 gene),
multidrug and toxin extrusion 1 (MATEIl, SLC47A1 gene) were treated with amantadine,
corticosterone, procainamide, prazosin, nicotinamide, and pyrimethamine. Each drug inhibits one

or two transporters; the details are described in table 2.1.
2.4 Cell Preparation

A4509 cells were cultured in F12K media and 5% CO2 atmosphere. Cells were preincubated
with 5 uM of one of the transporter Inhibitors described previously for 24 hours. After, 2 uM of

one of the TKIs was added for 24 hours until the cells were fixed on the coverslip for the imaging.
2.5 SRS Imaging

SRS images were acquired using a femtosecond dual-output laser (Spectra-Physics Insight
DS+) which emits a tunable beam (680-1300 nm) and fixed beam (1040 nm) pulse trains, known
as the pump and Stokes beams, respectively. The pump beam was fixed at 912 nm to collect
fingerprint SRS images of live A549 cells. The pump and Stokes beams were chirped using high
refractive index glass rods. Images were collected from 1300 cm™ to 1500 cm™ with a spectral
resolution of 11 cm™!. Stokes beam was broadened by coupling with Ytterbium-doped single mode
double-clad fiber (YB1200-6/125 DC-PM, Thorlabs) [17]. The microscope is a Nikon Eclipse FN1
with a 40x/1.15 NA water immersion objective. A schematic diagram of the setup is shown in
figure 2.2. Pump beam power was held constant at 40 mW at focus, and Stokes power was held at

60~100mW at focus. All images collected were 512 x 512 pixels.
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Figure 2.2 A Schematic Diagram of SRS Microscope Setup

DS = Delay stage; DCM = dichroic mirror; GM = galvo mirrors; EOM = electro-optic
modulator; PBS = polarizing beam splitter; PD = photodiode; GR = highly dispersive
dense glass rod; BD = beam dump; BPF = bandpass filter; LIA = lock-in amplifier.

Cond

2.6 Data Analysis

A data analysis pipeline for hyperspectral images of live cells was developed, and the
procedure is as follows (figure 2.3). The background signal was subtracted, and the hyperspectral
images were denoised using block-matching and 3-D filtering (BM3D) algorithms customized to
denoise hyperspectral data (figure 2.3 A). As mentioned briefly, the SRS signal is linearly
proportional to the chemical concentration. A simple, built-in MATLAB least linear square fitting
algorithm was used to unmix the spectrum at each pixel of images to four different components:
TKI, cytoplasm, nucleus, and background (figure 2.3 C). TKI concentrations inside the cell were

averaged per field of view to generate the total average concentration.
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denoised A16 lapatonly concmap

100 200 300 400 500

Figure 2.3 Data Analysis Procedure Showing One of Lapatinib-Dosed Images

A. Original hyperspectral data. Background signal is subtracted and denoised using
BM3D algorithm to create B. Least linear curve fitting with a non-negative constraint
using a calibration matrix consisting of four pure spectra (TKI, cytoplasm, nucleus, and
background) generated a concentration map shown in C. Binary mask was made by
thresholding B so that only cell features were remaining. Combining B and C resulted in
D, which was used to produce graphs on figure 2.3. A16 denotes the image number.
Concmap = concentration map

2.7 Results

A total of 18 TKI-influx inhibitor combinations were examined, with three tyrosine kinase
inhibitors and six different SLC inhibitors (Table 2.1). Note that multidrug and toxin extrusion 1
(MATE]1) protein, although widely known for regulating the efflux of toxic chemicals out of the
cell, is included in the study [23,24]. Some reports show that MATE1 regulates cellular uptake of

imatinib (not examined in this study) [19]. The results of the examinations are listed in Figure 2.4.
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Lapatinib concentration inside cells increased when OCT2 and OCT3 were inhibited.
Inhibition of MATE] also increased lapatinib concentration. An increase in concentration could
mean that the transporters that were inhibited are likely to regulate drug efflux. Although studies
show that MATE] regulates the efflux of cytotoxic drugs, there is little to no evidence that organic
cation transporters are responsible for drug extrusion[23]. Osimertinib concentration increased
when both OCT1 and OCT2 were inhibited simultaneously by procainamide, and its concentration
was increased when OCT3 was explicitly inhibited by corticosterone. Afatinib concentration
decreased when OCT1 and OCT?3 were inhibited; the concentration also decreased when MATE1
was inhibited. Controls, which have no tyrosine kinase inhibitors, showed that at least 1 mM of
TKIs are present. This is due to the data analysis process in which a non-negative constraints

algorithm was used with linear curve fitting.

SLC Inhibitors Transporter(s)

Procainamide OCT1 & OCT2
Amantadine OCT1 & OCT2 Inhibitors

Prazosin OCT1 & OCT3 Lapatinib
Corticosterone OCT3 Osimertinib
Methylnicotinamide OCT2 Afatinib
Pyrimethamine MATE1

Table 2.1 List of Tyrosine Kinase Inhibitors and Solute Carrier
Inhibitors with Their Corresponding Target(s)
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Lapatinib Concentration With SLC Transporter Inhibitors Osimertinib Concentration With SLC Transporter Inhibitors Afatinib Concentration With SLC Transporter Inhibitors
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Figure 2.4 Tyrosine Kinase Inhibitor Concentrations with Different SLC Inhibitors
Each graph was collected on different days. Control = DMSO-dosed A549 cells (no drug).
A: lapatinib concentrations. Lapat = lapatinib. B: Osimertinib concentrations. Osim =
osimertinib. C: Afatinib concentrations. Afat = afatinib. For all graphs, Co = corticosterone,
Pc = procainamide, Aman = amantadine, Pz = prazosin, Nico = N-Methylnicotinamide,
Pyrim = pyrimethamine. The bar graphs show total average of all field of views. Standard
deviations of average are shown as error bars. * = p-value < 0.05 compared to TKI-only
dosed sample. One pixel = 0.03815 pm?

2.8 Discussion and Future Work

Here, preliminary results of interactions between tyrosine kinase inhibitors and solute
carrier transporters were presented. Although the study showed that the inhibition of MATE1
increased the concentration of lapatinib, other findings suggest that organic cation transporters
could regulate drug efflux, which cannot be found in other studies. Some results also exhibit
inconsistency. Procainamide and amantadine inhibit the same organic cation transporters, OCT1
and OCT2. However, osimertinib concentration increased with procainamide but not when
amantadine was pre-dosed. Indeed, the drugs used to inhibit various solute carriers in this study
could affect different parts of the cell that change its influx and efflux behavior. Affinity
differences between transporter inhibitors and TKIs could also be examined more carefully to

increase the validity of the results.
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Multiple studies have shown that tyrosine kinase inhibitors are substrates and inhibitors of
transporters [8]. Developing chemotherapy plans include using TKIs as efflux transporter
inhibitors instead of traditional inhibitors to increase the cytotoxic activity of chemotherapeutic
drugs while decreasing the activity of EGFR [5,21]. Little is known about the substrate/inhibitor
relationship between solute carriers and TKIs used in this study (lapatinib, osimertinib, afatinib).

Investigating these relationships could help further the interpretation of the results.

One of the biggest challenges in this study is reproducibility. It is challenging to produce
similar results with varying electronics to optical processes and cell conditions when the
experiments are done over multiple days and weeks. These variances prevent collecting reliable
data that can be compared from one day to another. TKI concentrations on TKI-only dosed cells
vary from one experiment to another (figure 2.4). Scrutinizing these random variables to produce

more reliable and consistent data is required to validate the results.

Finally, on-going studies in the group, such as membrane permeability of TKIs and
examining TKI-resistant cell lines, will be used along with this study to investigate TKI uptake
and efflux in cancer cells. Further experiments on efflux transporters and 3D cancer cell spheroids

will be conducted to enhance our knowledge of drug movement and multidrug resistance.
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