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ABSTRACT: Predictions about the cellular efficacy of drugs
tested in vitro are usually based on the measured responses of a
few proteins or signal transduction pathways. However, cellular
proteins are highly coupled in networks, and observations of
single proteins may not adequately reflect the in vivo cellular
response to drugs. This might explain some large discrepancies
between in vitro drug studies and drug responses observed in
patients. We present a novel in vitro marker-free approach that
enables detection of cellular responses to a drug. We use Raman
spectral imaging to measure the effect of the epidermal growth
factor receptor (EGFR) inhibitor panitumumab on cell lines
expressing wild-type Kirsten-Ras (K-Ras) and oncogenic K-Ras
mutations. Oncogenic K-Ras mutation blocks the response to
anti-EGFR therapy in patients, but this effect is not readily

Panitumumab effect on SW48 (A) and SW480 (B) cells

observed in vitro. The Raman studies detect large panitumumab-induced differences in vitro in cells harboring wild-type K-Ras as
seen in A in red but not in cells with K-Ras mutations as seen in B; these studies reflect the observed patient outcomes. However,
the effect is not observed when extracellular-signal-regulated kinase phosphorylation is monitored. The Raman spectra show for
cells with wild-type K-Ras alterations based on the responses to panitumumab. The subcellular component with the largest
spectral response to panitumumab was lipid droplets, but this effect was not observed when cells harbored K-Ras mutations. This
study develops a noninvasive, label-free, in vitro vibrational spectroscopic test to determine the integral physiologically relevant
drug response in cell lines. This approach opens a new field of patient-centered drug testing that could deliver superior patient

therapies.

here is a tremendous need for the development of a

practical, noninvasive, and high throughput analytical
method to evaluate the potency and efficacy of drug candidates
in vitro during early stages of drug discovery. Current methods
include Western blotting and fluorescence spectroscopy of
labeled marker proteins, which monitor individual proteins and
single signal transduction pathways. However, systems biology
shows that proteins are highly coupled within networks. Cross-
talk, feedback loops, and compensation by other pathways can
affect cellular drug responses and in some cases can completely
block drug efficacy.’

A complete understanding of complex protein networks and
cellular signaling pathways is the ultimate goal. However, a
simple in vitro test is needed to indicate the overall
physiological response of a given cell line to a specific drug,
which is in agreement with the clinically observed patient
response. This test would be a powerful complementary tool to
evaluate drug efficacy, even when a deep understanding of
individual signaling pathways is lacking. Current methods
utilize fluorescence spectroscopy to monitor single proteins
marked by antibodies or fluorescent dyes. By contrast, Raman

-4 ACS Publications  © 2015 American Chemical Society

7297

spectroscopy provides a spectral read-out of the integral
biochemical status of multiple cellular components. The
difference spectra of the cellular status before and after drug
application detect the integral biochemical response to the drug
(see below). Here, we explore this approach by Raman
spectroscopy of the cellular response to the commonly used
antiepidermal growth factor receptor (EGFR) cancer drug
panitumumab.

Manipulating the EGFR pathway is one of the primary
strategies for targeted cancer therapy.” * EGFR is overex-
pressed in numerous tumors of the breast, head, neck, lung,
bladder, colon, cervix, kidneys, and brain. EGFR overexpression
promotes tumorigenesis by modulating cell proliferation,
angiogenesis, and metastasis.’™® EGFR is a transmembrane
tyrosine kinase receptor that contains an extracellular ligand-
binding domain, a transmembrane domain, and an intracellular
tyrosine kinase domain. Binding of ligands such as epidermal
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growth factor (EGF) to EGFR induces receptor dimerization
and autophosphorylation of the tyrosine kinase domain.
Panitumumab (Vectibix) is the first fully human monoclonal
antibody specific for EGFR to enter clinical trials for the
treatment of solid tumors. It was approved by the U.S. Food
and Drug Administration for the treatment of patients with
EGFR-overexpressing metastatic colorectal cancer. Panitumu-
mab blocks EGF binding to the EGFR ligand-binding site,
induces internalization of the receptor-antibody complex, and
down-regulates EGFR activity. This blocks ligand-induced
EGER tyrosine autophosphorylation and subsequent activation
of signaling pathways involved in carcinogenesis. Panitumumab
especially blocks activation of the MAP kinase pathway, which
modulates cellular proliferation and survival, as shown in Figure
1,° and promotes apoptosis and inhibits cell proliferation and
angiogenesis.
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Figure 1. Ras signal transduction pathway."

Ras proteins are small GTPases that act as molecular
switches with on and off states. GDP is bound to Ras in the off
state, whereas GTP is bound to Ras in the on state."®'! Ras
regulates cellular responses to several extracellular stimuli,
including EGF. EGF binding to the EGFR receptor at the cell
surface activates receptor complexes that contain several
adaptor proteins (Figure 1). Ras-GTP interacts with several
effector proteins and stimulates their catalytic activity to
regulate cellular responses such as survival, proliferation, and
differentiation.'>"®> Mutations in one of the RAS genes converts
them into active oncogenes.14 Ras gene mutations have been
identified in pancreatic, colon, lung, and thyroid tumors and in
myeloid leukemia, although the incidence differs among
different cancers.'"* For example, Kirsten-Ras (K-Ras) onco-
genic mutations result in constitutive activation, and have been
identified in approximately 30—50% of patients with advanced
colorectal carcinoma.

Ras is located downstream of EGFR. Oncogenic Ras
mutation results in uncontrolled activation of the MAP kinase
pathway that is independent of EGFR (Figure 1). Therefore,
targeting EGFR is an ineffective therapeutic strategy. Several
clinical studies have shown that oncogenic K-Ras mutations
block the efficacy of panitumumab therapy.'>~" Patients with
colorectal carcinoma must be screened for K-Ras mutations
before using cost-intensive panitumumab treatment. However,
to the best of our knowledge, there is no experimental evidence
showing the in vitro impact of K-Ras mutations on
panitumumab efficacy in cells.
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Raman vibrational spectroscopic imaging has emerged as a
powerful tool for the analysis of biological samples. It is
noninvasive and cost-effective and does not require extrinsic
labels or dyes. Raman spectral ima%ing has been used for
classification of human cancer tissues''* and to image cellular
organelles.”*~® Raman spectroscopy can be used to resolve
and track cellular uptake of liposomal drug-carrier systems>” >’
and the cellular distribution of chemotherapeutics and
molecular drugs.’*™>° Raman imaging has been used to
investigate the interaction of several chemotherapeutic agents
in a variety of cancer cells.**™*" A recent study used Raman
spectroscopy to investigate the effect of cis-platin on lung
cancer cells.**™ However, to our knowledge, the integral
physiologically relevant response of individual cellular compo-
nents to drugs has not been investigated by Raman spectral
imaging. Here, we used Raman imaging to detect cellular
responses to the EGFR inhibitor panitumumab. Raman
hyperspectral images of colon cancer cells were analyzed with
multivariate methods such as hierarchical cluster analysis
(HCA). We identified subcellular organelles by comparing
the HCA pseudocolor images with those obtained by
fluorescence microscopy. We report the first in vitro, label-
free spectroscopic evidence that detects the effect of oncogenic
K-Ras mutations on the cellular response to panitumumab by
using colon cancer SW48 and SW480 cells that are harboring
wild-type K-Ras and oncogenic K-Ras mutations, respectively.
The in vitro results are in agreement with the clinically observed
patient responses. The results indicate that colon cancer cells
harboring the wild-type K-Ras experience a strong and
physiologically relevant response to panitumumab treatment,
whereas colon cancer cells expressing oncogenic K-Ras
mutations do not experience physiologically relevant responses
to panitumumab. The largest response occurred in lipid
droplets of cancer cells harboring wild-type K-Ras that were
treated with panitumumab.

B EXPERIMENTAL SECTION

Cell Culture. Human colorectal adenocarcinoma SW48
(CCL-231) and SW480 (CCL-228) cells were obtained from
the American Type Culture Collection. Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen,
Carlsbad, USA) supplemented with 10% fetal bovine serum
(FBS; Invitrogen, Carlsbad, USA), 2 mM L-glutamine, and 5%
penicillin/streptomycin and incubated at 37 °C in a 10% CO,
atmosphere. Raman measurements were performed on cells
grown on CaF, windows (Korth Kristalle, Kiel, Germany) to
avoid background signals from conventional glass slides. Cells
were incubated with either EGF (100 ng/mL) or panitumumab
(10 pg/mL) at 37 °C in a 10% CO, atmosphere for 15 min and
12 h, respectively. Then, cells were fixed in 4% paraformalde-
hyde (VWR International, Darmstadt, Germany) and sub-
merged in phosphate-buffered saline (PBS; Invitrogen,
Carlsbad, USA).

Confocal Raman Microscopy. Raman spectroscopic
imaging was performed using a WITec alpha 300AR confocal
Raman microscope (Ulm, Germany) as described previ-
ously."®*> A frequency-doubled Nd:YAG laser of 532 nm
(Crystal Laser, Reno, USA) was used as an excitation source
with an output power of approximately 40 mW. The laser
radiation was coupled into a Zeiss microscope through a
wavelength-specific single-mode optical fiber. The laser beam
was collimated via an achromatic lens and passed through a

holographic band-pass filter before being focused on the sample
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through a Nikon NIR APO (60Xx/1.00 NA) water-immersion
objective. The laser excitation spot size is ~1 ym. The sample
was located on a piezoelectrically driven microscope scanning
stage of an x,y resolution of ~3 + S nm and z resolution of
~0.3 + 2 nm. Raman backscattered light was collected through
a microscopic objective and passed through a holographic edge
filter onto a multimode fiber (50 ym diameter) and into a 300
mm focal length monochromator, which incorporated a 600/
mm grating blazed at 500 nm. Raman spectra were detected by
a back-illuminated deep-depletion charge coupled device
(CCD) camera operating at —60 °C. Raman imaging
measurements are acquired by raster-scanning the laser beam
over cells and collecting a full Raman spectrum at speed of 0.5 s
per pixel and the pixel resolution is 500 nm.

Multivariate Analysis. The Raman spectra of cells were
analyzed using HCA. Raman hyperspectral results were
imported into MATLAB 8.2 (MathWorks Inc, MA), and
data preprocessing and multivariate analyses were performed
using in-house built scripts. Raman spectra that had no C—H
band at 2850—3000 cm™' were treated as background and
deleted. Cosmic spikes were removed using an impulse noise
filter, and Raman spectra were interpolated to a reference
wavenumber scale. All spectra were then baseline-corrected
using a third-order polynomial and were vector normalized. We
performed HCA on the regions of 700—1800 and 2800—3050
cm™" using Ward’s clustering in combination with the Pearson
correlation distance. The Raman difference spectra were
calculated using normalized average spectra with the Phe
band near 1008 cm™.

B RESULTS AND DISCUSSION

EGF Binding to EGFR. To monitor the effect of EGF
binding to EGFR, several Raman measurements of SW48 and
SW480 cells (approximately SO cells per cell line) were
performed. SW48 cells harbor wild-type K-Ras, whereas SW480
cells express oncogenic K-Ras mutations. The Raman difference
spectra of control cells versus cells treated with EGF are
presented in Figure 2. The spectra reflect the overall cell
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Figure 2. Effect of EGF on SW48 (a) and SW480 (b) cells. Raman
difference spectra of control cells versus EGF-treated cells in the 700—
1800 (A) and 2770—3040 cm™ (B) regions reflect the changes
occurring in cells. Shading represents the standard deviation. The
spectra have been offset for clarity.
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responses to EGF. Large spectral changes were observed for
SW48 cells (Figure 2). This result demonstrates that EGF
activation of EGFR is reflected by changes in the Raman
difference spectrum. However, SW480 cells expressing
oncogenic K-Ras mutations have constitutive MAP kinase
activation, and EGF activation of the EGFR receptor no longer
influences the MAP kinase pathway. The Raman difference
spectra for SW480 cells showed no significant cellular response
to EGF (Figure 2). These spectra confirm that Raman
microscopy detects physiologically relevant cellular responses.

Next, we improved the spatial resolution of the response.
The feasibility of using Raman spectral imaging coupled with
HCA to visualize subcellular organelles was demonstrated
recently. >~

In the present study, subcellular components were identified
by Raman spectroscopy combined with HCA in addition to
fluorescence microscopy, which was used as a reference. Figure
3A shows a bright-field image of SW48 cells in PBS buffer.

Figure 3. Comparison of Raman and fluorescence microscopic
imaging. (A) Bright-field image of SW48 cells. (B) Integrated
Raman intensities in the C—H stretching region of SW48 cells
shown in A. (C) HCA results based on the Raman data shown in B.
(D) Fluorescence imaging of nuclei (blue) and lipid droplets
(magenta). (E) HCA clusters of membrane (red), cytoplasm
(green), nuclei (blue), and lipid droplets (magenta). Scale bar = 10
pm.

SW48 cells have a characteristic shape and are typically 15—20
um in diameter. Figure 3B shows a univariate image based on
the integrated Raman intensities of the C—H stretching
vibration in the 2800—3100 cm™' region. This image most
likely shows nuclei and lipid droplets in the cytoplasm. Figure
3C shows the HCA image, which is generated from Raman
hyperspectral data. The HCA algorithm searches for similar
spectra and groups them into so-called clusters. The merging
process is repeated until all Raman spectra are combined into a
small number of clusters and each cluster has a defined color,
which results in an index-colored image. HCA was performed
on the spectral ranges of 700—1800 and 2800—3100 cm™.
These spectral regions exhibit the major vibrational bands that
originate from amino acids, protein backbones, nucleotides,
nucleic acid backbones, carbohydrates, and lipids. These
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vibrational bands contain sufficient spectral information to give
excellent clustering results. Ten clusters were selected to
reproduce the position of nuclei (blue) and lipid droplets
(magenta, the lowest size of lipid droplets is around 0.7—0.8
um), in addition to various subcellular components in the
cytoplasm.

To identify nuclei and lipid droplets, cells were stained with
DRAQ-5 and Nile Red, respectively, and fluorescence
microscopy was performed on the same sample (Figure 3D)
that had been used for Raman spectral imaging. The results
show that the nucleus is the largest cellular component in
SW48 cells, and lipid droplets are distributed in the cytoplasm
surrounding the nucleus. By comparing the fluorescence image
(Figure 3D) with the HCA index-color image (Figure 3C), it is
reasonable to assign the blue and magenta clusters in the HCA
image to nuclei and lipid droplets, respectively. Lipid droplets
also are identified by their Raman spectra, which are
characterized by the strong intensity of approximately all
Raman bands (see below).**~*’ The morphology and topology
of some clusters in Figure 3C clearly suggest that they are
associated with the plasma membrane (red) and cytoplasm
(green). For example, the outermost cluster in Figure 3C is
assigned to the plasma membrane. This also is based on
fluorescence imaging of EGFR, which is located in the plasma
membrane (Figure S1 in Supporting Information (SI)). Figure
3E shows only the identified cellular components, including the
plasma membrane, cytoplasm, nuclei, and lipid droplets.

The average cluster spectra of subcellular organelles are
presented in Figure 4. The Raman spectra contain C—H
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Figure 4. Average cluster Raman spectra of plasma membrane (A),
cytoplasm (B), nucleus (C), and lipid droplets (D) in the 700—1800
and 2770—3040 cm™' regions. Shading represents the standard
deviation. The spectra have been offset for clarity.

stretching modes (CH;, CH,, and CH) located near 2800—
3020 cm™!, carbonyl stretching modes (amide I) located at
1662 cm™!, and C—H and CH, bending deformation modes
located at 1446 cm™". The amide IIT mode of peptide linkages
is located near 1230 and 1380 cm™’, and the phenylalanine
ring-breathing mode is located at 1008 cm™.**°%*! There is a
similarity between the Raman spectra of the membrane (Figure
4A) and cytoplasm (Figure 4B). This is because the laser
excitation spot size is <1 gm and the plasma membrane is much
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smaller than this value, suggesting that the cytoplasm (and
perhaps the buffer) partially contributes to the membrane
spectrum. However, the intensity ratio of 1446/1662 cm™
bands is different in the membrane (Figure 4A) and cytoplasm
(Figure 4B) spectra. The membrane spectrum has an additional
shoulder at ~1637 cm™". Only the nucleus spectrum (Figure
4C) contains a Raman band at 790 cm™, which is a DNA
marker (O—P—O backbone stretching). By contrast, the
spectrum in Figure 4D significantly differs from the others
and exhibits strong-intensity bands throughout the whole
spectrum (these are not seen in Figure 4 due to spectral
normalization).

Only the spectrum in Figure 4D contains Raman bands at
1750 and 3018 cm™!, which are attributed to the C=O
stretching vibration of fatty acid ester forms and the =
C H stretching mode of unsaturated fatty acids,
respectively. By comparing the spectrum in Figure 4D with
those of lipids and phospholipids,**~* it is clear that the
spectrum in Figure 4D originates from high lipid or
phospholipid content. In summary, these experiments show
that membranes, cytoplasm, nuclei, and lipid droplets have
characteristic Raman spectra that may be useful for examining
the effects of ligand- or drug-binding to EGFR.

Nawaz et al*' performed Raman measurements across
selected points in the specified subcellular regions of lung
cancer cells to investigate the effect of range of cis-platin doses
on the plasma membrane, cytoplasm, and nucleus. The
selection of Raman spectra for each cellular component was
based only on visual inspection, without clear identification of
the cellular components.41 By contrast, we clearly identified the
Raman spectral images of three components such as nuclei,
lipid droplets (Figure 3), and plasma membrane (Figure S1 in
SI), by comparison with fluorescence microscopic images and
characteristic Raman spectral bands.

Figure SA presents the difference spectra of plasma
membrane, cytoplasm, nucleus, and lipid droplets in SW48
cells with wild-type K-Ras exposed to EGF. The membrane
difference spectrum (a) yields negative features at 1250—1350
cm™ (amide III), 1453 cm™ (C—H deformation), 1674 cm™"
(amide I), and 2850—2950 cm ™" (C—H stretching), indicating
that the intensity of these bands increases in EGF-treated cells
compared with control cells. The changes in amide I and III are
associated with proteins, whereas the change in C—H stretching
and deformation originates from membrane lipids. The
cytoplasm difference spectrum (b) also displays negative
peaks that are similar to those observed for the membrane
(a); however, the cytoplasm spectral changes are larger than
those of the membrane. Only the nucleus difference spectrum
(c) exhibits a positive peak at 790 cm™, which is associated
with O—P—O backbone stretching of DNA. The nucleus
difference spectrum also displays negative peaks at 1453 and
2850—2950 cm™". The largest spectral changes observed in cells
in response to EGF are detected in the difference spectrum of
lipid droplets (d). For example, strong positive peaks are
observed at approximately 939, 979, 1082, 1272, 1453, and
3021 cm™'. The bandwidth of the Raman band centered at
1662 cm™ is significantly increased in the lipid droplet
difference spectrum, along with a slight wavenumber down-
shift by ~2 cm™! on EGF binding; as a result, two negative
peaks appear in the difference spectrum (d) at 1627 and 1689
cm™'. EGF is reported to regulate the secretion and formation
of lipids in cells, and triglyceride secretion in Caco-2 colon
cancer cells is stimulated by EGF.>*> EGF also increases the
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Figure S. Effect of EGF ligand on SW48 subcellular components. (A) Raman difference spectra of control cells versus cells exposed to 10 ng/mL
EGF for plasma membrane (a), cytoplasm (b), nucleus (c), and lipid droplets (d). Shading represents the standard deviation. Average Raman spectra

of control cells (solid lines) and cells incubated with EGF (broken lines) in
spectra are normalized with the 1450 and 1660 cm™ bands in B and C, re

the (B) 1415—1485 cm™ and (C) 1550—1730 cm™ regions. Average
spectively. The spectra have been offset for clarity.

intracellular cholesterol and triglyceride levels in C2BBel colon
cancer cells.>® Therefore, we suggest that broadening of the
Raman band at 1662 cm™ occurs as a result of EGF-induced
increases in triglyceride and cholesterol levels in cells. These
results show for the first time that noninvasive Raman
spectroscopy efficiently detects the effects of EGF—EGFR
binding on subcellular components.

To confirm that receptor internalization occurs in cells under
our experimental conditions, cells were labeled with EGFR-
specific antibodies, and fluorescence microscopy (Figure S2, SI)
was performed after Raman spectral imaging. As expected, most
of the EGFR was associated with the plasma membrane in the
absence of EGF, whereas EGFR was internalized in the
presence of EGF in both SW48 and SW480 cells. Western
blotting analyses were performed with phosphospecific
antiextracellular-signal-regulated kinase (ERK) 1 and anti-
ERK2 antibodies to assess ERK1/2 phosphorylation (Figure
6). SW48 cells displayed some ERK phosphorylation in the
absence of EGF (Figure 6A), but it increased significantly in the
presence of EGF. This result indicates that the MAP kinase
pathway is activated by EGFR activation. SW48 cells carry a
mutant EGFR allele that probably contributed to basal ERK
activation.>* The fluorescence and Western blotting results are
in agreement with those reported previously®*>® and indicate
that the observed changes in the Raman difference spectra of
subcellular components (Figure S) are produced as a result of
EGEFR activation. The MAP kinase pathway is not activated in
the presence of panitumumab independent of the presence of
EGF. Similar results were observed in SW480 cells that carry
oncogenic K-Ras mutations. One would expect that the MAP
kinase pathway is constitutively activated (Figure 1) and that
EGF and panitumumab do not produce effective cellular
responses, as observed in patients with oncogenic K-Ras
mutations that do not respond to panitumumab treatment.
Therefore, we tested whether our Raman spectroscopic assay
was consistent with observed patient responses.
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Figure 6. Effect of EGF and panitumumab on ERK activation in (A)
SW48 and (B) SW480 colon cancer cells. Cell lysates were resolved by
SDS-PAGE and Western blot analysis using antibodies that recognize
phosphospecific ERK1 and ERK2 (p-ERK1/2) or total ERKI and
ERK2 (ERK1/2). f-actin was used as a loading control.

Panitumumab Binding to EGFR. Panitumumab binds
with high affinity to an EGFR extracellular domain,
competitively blocks EGF binding to the receptor, and causes
internalization of the receptor—antibody complex. This
prevents ligand-induced activation and arrests tumor cell
proliferation.>”®

To detect the effect of panitumumab binding to EGFR on
cells, we performed Raman measurements of control cells
(SW48 and SW480) and cells exposed to 10 ug/mL of
panitumumab. This concentration is equivalent to the
manufacturer’s recommended dose for clinical application of
panitumumab (6 mg/kg). Essentially all cells are viable at this
concentration, as indicated by the cytotoxicity assay (Figure S3,
SI). The Raman difference spectra of control cells versus
panitumumab-treated cells are shown in Figure S4 (SI).
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Panitumumab was not detected in these spectra because its
concentration is below the detection limit. Large spectral
changes were detected for SW48 cells, whereas no significant
spectral changes were observed for SW480 cells. These results
suggest that oncogenic K-Ras mutations have a crucial role in
determining the efficacy of panitumumab chemotherapy.

To identify the cellular components in SW48 cells that
display panitumumab-induced spectral changes, we performed
HCA and identified cellular components similar to the methods
used for the data in Figures 3 and 4. Figure 7A shows the
difference spectra for the plasma membrane (a), cytoplasm (b),
nucleus (c), and lipid droplets (d) of control cells versus
panitumumab-treated cells. The membrane difference spectrum
(a) reveals spectral changes, some of which are due to proteins
and detected at 1652 cm™' (amide I). Negative bands are
detected at 1080 cm™ (phosphodiester group), 1446 cm™
(C—H deformation), and 2850—2950 cm™" (C—H stretching),
which are associated with membrane lipids. Panitumumab-
induced wavenumber shifts are observed for the C—H
deformation band near 1456—1453 cm™" (Figure 7B) and for
the amide I band near 1662—1658 cm™" (Figure 7C). Larger
spectral changes associated with proteins and lipids are
observed in the cytoplasm difference spectrum (Figure 7A).
For example, the changes at ~1003 cm™" (phenylalanine ring-
breathing mode), 1250—1350 cm ™" (amide III), and 1652 cm™!
(amide I) arise from proteins, whereas strong negative bands at
1447 and 2850—2950 cm™" originate from lipids. Although the
1447 cm™ band had a wavenumber shift (Figure 7B) after
panitumumab treatment, it is observed as a negative peak in the
difference spectrum (Figure 7A) instead of a derivative-like
shape. This is because the wavenumber shift is coupled with
significant intensity change, which results in a negative peak.

Several spectral changes are observed in the nucleus
difference spectrum (Figure 7A). For example, negative peaks
occur at 779, 1003, 1447, 1571, 1595, 1652, and 2850—2950
cm™". The nucleus difference spectrum also has derivative-like
peaks at 1652/1674 cm™', which are produced from wave-
number downshift of the amide I vibration (obvious in Figure
7C). Significant strong spectral changes are observed in the
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lipid droplet difference spectrum (Figure 7A) at 981, 1080,
1272, 1313, 1447, 1757, 2845, and 2860 cm™!. A derivative-like
shape also appears at 1645/1674 cm™', implying that amide I
has a panitumumab-induced wavenumber shift (clearly seen in
Figure 7C). Thus, panitumumab treatment exerts strong effects
on lipid droplets compared with other cellular components,
which suggests that lipid droplets may have a crucial role in
cancer therapy. This result is consistent with previous studies
suggesting that lipid droplets are potential targets for cancer
treatment.’”*® Lipid droplet alterations can be used as
biomarkers for drug response, in that lipid droplet numbers
increase in tumor tissues of patients with colorectal
adenocarcinoma. Treatment with either aspirin or a fatty acid
synthase inhibitor significantly reduces the number of lipid
droplets.””

The present study indicates that panitumumab treatment of
SW48 cells causes changes in the Raman spectra of cellular
components, including both intensity changes and wavenumber
shifts. These results show for the first time the effect of an
EGEFR inhibitor on cellular components by label-free Raman
spectral imaging. The study also shows that SW480 cells
harboring oncogenic K-RAS mutations have essentially no
response to panitumumab. This is in agreement with the
observed responses of cancer patients with oncogenic K-Ras
mutations to anti-EGFR therapies, who fail to respond to
panitumumab. We also monitored the effect of panitumumab
on SW48 and SW480 cells using the conventional in vitro
analytical techniques of fluorescence microscopy and Western
blotting. Fluorescence labeling of EGFR confirmed that the
receptor—panitumumab complex was internalized in SW48 and
SW480 cells using the experimental conditions for Raman
measurements (Figure SS, SI). The Western blotting analyses
of SW48 cells (Figure 6A) indicated that ERK phosphorylation
was inhibited by panitumumab compared with that observed in
control cells. ERK activity was slightly inhibited by
panitumumab in SW480 cells (Figure 6B) but was significantly
enhanced by EGF binding. Addition of panitumumab to EGF-
treated cells severely inhibited ERK phosphorylation (Figure
6B). Therefore, the Western blot analyses differed from the
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observed patient responses. We performed several Raman
measurements of SW480 cells incubated with either EGF or
EGF and panitumumab. The difference spectra of cells treated
with EGF versus those treated with EGF and panitumumab
revealed no spectral changes (Figures S6 and S7, SI). Thus,
Raman spectral images of SW48 and SWA480 cells clearly
indicate a crucial role for oncogenic K-Ras mutations in the
cellular response to panitumumab.

Raman microscopy reflects the overall chemical composition
of the cell. This is a crucial difference from conventional assays
that measure ERK phosphorylation, or fluorescence microscopy
of individual proteins. Signal transduction networks are
extremely complex, and silencing of certain pathways can lead
to compensation by other pathways.""** Thus, single protein
measurements can be misleading. However, the integral
changes observed in Raman microscopy directly correlate to
biochemical changes induced in cells by a ligand or drug.

The Western blotting results did not significantly discrim-
inate between the K-Ras status in SW48 and SW480 cells. This
is perhaps due to effects on ERK phosphorylation caused by
cross-talk and compensation among signaling pathways.' Our
study showed that panitumumab caused significant changes
only in SW48 cells but not in SW480 cells (Figure S8, SI). The
panitumumab-induced changes observed in SW48 cells can be
attributed to the therapeutic effects, which prevent activation of
downstream pathways and trigger apoptosis.”> The Raman
results suggest that cell responses to panitumumab are
dependent on whether K-Ras is mutated or not. These results
are in agreement with several clinical studies, which show the
importance of oncogenes such as K-Ras in colorectal cancer
therapy as a predictive biomarker for the response to EGFR
inhibitors, and a marker for patient selection.”>™”

Bl CONCLUSIONS

Raman spectral imaging coupled with HCA was used effectively
to visualize subcellular components including nuclei, lipid
droplets, cytoplasm, and plasma membrane. The effect of ligand
binding to EGFR on these components was monitored for the
first time by label-free Raman spectral imaging. We examined
the effect of the EGFR inhibitor panitumumab on colon cancer
cells. The results indicated that the cellular response to
panitumumab was dependent on the K-Ras mutation status,
which was consistent with the observed responses in patients.
The strongest changes in Raman spectra of cancer cells with
wild-type K-Ras were observed for lipid droplets. This study
opens new approaches for developing an in vitro, noninvasive,
label-free vibrational spectroscopic test to determine whether a
particular drug can be used effectively on patients. The results
highlight the power of Raman spectral imaging for probing
overall cellular responses compared with the results of
conventional techniques such as fluorescence microscopy and
Western blotting of single proteins. Our future work will
investigate the effects of EGFR inhibitors that target the
tyrosine kinase domain and determine the effect of oncogene
mutations on the response.
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Cytotoxicity Assay

Working solutions of panitumumab were prepared in cell culture media. MTT [3-
(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide] was purchased from Sigma-
Aldrich, (Miinchen, Germany). MTT (yellow) is reduced to purple formazan by
mitochondrial reductases in living cells; therefore, it is a useful indicator of cell viability and
proliferation. The MTT assay was performed as described previously with minor
modification (66). Cells were grown in 24-well plates at a density of 2 x 10’ cells per well in
DMEM medium containing all the supplements mentioned above. After 24 h of initial cell
attachment, the plates were washed with 100 pul PBS per well, and incubated with various

panitumumab concentrations.

After 12 h of treatment, cells were rinsed with PBS and 100 pL of fresh medium
(without supplements) was added to each well. Then, MTT (5 mg/ml) was added to each
well, and the plates were incubated at 37°C in a 10% CO; humidified incubator for 4 h. The
medium was discarded, and cells were washed with 100 uL of PBS. Then, 100 uL. of DMSO
was added to each well to extract the dye. The plates were then shaken, and absorbance was
detected at 570 nm using a microplate reader (TECAN Sunrise, Austria). Four replicate wells
were used for each exposure. The viability in each sample was normalized to that of the

control sample.
Western Blot Analysis

Cells were harvested in a buffer containing phosphatase inhibitor mixture II
(Sigma-Aldrich, Miinchen, Germany) and protease inhibitor cocktail (Roche, Mannheim,
Germany), were resolved by SDS-PAGE using 10% polyacrylamide gels, and transferred to
Immobilon-P (Millipore, Hessen, Germany) membranes. The membranes were then

incubated with antibodies to phosphorylated ERK1 and ERK2 (p-ERK, Cell Signaling,



Danvers, USA) and total ERK1 and ERK2 (total ERK, Cell Signaling, Danvers, USA).
Antibodies were detected with the appropriate anti-mouse horseradish peroxidase-conjugated
secondary antibody enhanced by chemiluminescence (Pierce, Life Technologies GmbH,
Darmstadt, Germany). Images were captured with the Versa Doc 5000 imaging system (Bio-

Rad, Miinchen, Germany).

Fluorescence Microscopy

CaF, windows with attached cull cultures used previously for the Raman
measurements were used for immunofluorescence imaging. After Raman measurements, the
formalin-fixed cells were permeabilized with 0.2% Triton X-100 for 5 min at room
temperature, washed with PBS, and blocked with 1% bovine serum albumin (BSA) for 30
min. Cells were incubated with the primary mouse monoclonal anti-EGFR (ab30; Abcam,
Cambridge, UK) overnight at 4°C, followed by washing with PBS buffer and incubation for 1
h at room temperature with fluorescein-conjugated secondary antibodies (FITC; Jackson
ImmunoResearch, West Grove, USA). Excess antibodies were removed by washing several
times with PBS buffer. Cells were further incubated with 1,5-bis{[2-
(dimethylamino)ethyl]amino}-4,8-dihydroxyanthracene-9,10-dione (DRAQ-5; Cell Signaling
Technology, Danvers, USA) or Nile Red for 15 and 30 min, respectively. Then, cells were
washed with PBS buffer.

Fluorescence measurements were performed with a confocal microscope (Leica TCS
SP5 II) using a Leica HCX PL APO (25x/0.95 NA) water-immersion objective. Nuclear
fluorescence was imaged by exciting with the 633 nm laser, whereas the fluorescence of lipid

droplets and EGFR was imaged by exciting with the 561nm laser.



Figure S1. (A) Bright field microscopic image of SW48 cells. (B) Integrated Raman
intensities in the C—H stretching region of SW48 cells shown in A. (C) HCA results based
on the Raman data shown in B. (D) Fluorescence imaging of the nuclei (blue) and EGFR
(red). (E) HCA clusters of membrane (red), cytoplasm (green), nuclei (blue), and lipid
droplets (magenta). The scale bar is 10 um.



Figure S2. (A) Fluorescence imaging of the nucleus (blue) and EGFR (red) in SW48 cells.
Fluorescence imaging in the presence of EGF in (B) SW48 and (C) SW480 cells. Scale bar
1s10 um.
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Figure S4. Effect of panitumumab on SW48 (a) and SW480 (b) cells. Raman difference
spectra of control versus cells treated with panitumumab in the 700-1,800 (A) and
2,770-3,040 cm™ (B) regions reflect the changes in whole cellular components. The shading
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Figure S5. Fluorescence imaging of nucleus (blue) and EGFR (red) of SW48 (A) and SW480
(B) cells treated with panitumumab. The scale bar is 10 um.



RN R R RN R RN RN ERRRE RRRRE flll”lll““l“““”III”f

[ 1 os8fB =

. A N - ]

i SW480 ] 3 o ]

i ] T S ]

- ] F ¥ & .

0.2F J o6 & T g7

L [f9] 4 L | 1 o 4

B © = - B 1 ! 2

r o - ] C ! ' -

- -— 1 < - r 1 . 17

- 2 : o : Q7 C | - ']

s [ = ! N : v ] 04 =

s [ : T ] L E

:%.0.1_—: ] ! i : . 3 ! ' -

.z, | : : I : : - I 1 : :

g [ . : ! S B~ :

= C | : : ' 7] : : ' '
0.0 4t ' : ol 0.0 |-

1 o2fF :

01F . = :

ARENASRERINRENI SRR I RNERIRRERANNRRARRENANNNR] ARARANRNEE, AR RRRRURRERARRRRE RRER1 RRRT

800 1000 1200 1400 1600 1800 2800 2900 3000

Wavenumber / cm-1 Wavenumber / Cm-1

Figure S6. Raman difference spectrum of SW480 cells treated with EGF versus cells treated
with EGF and panitumumab in the 700—1,800 (A) and 2,770-3,040 cm™ (B) regions. The
spectrum shows no significant spectral changes in cells. Shading represents the standard
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Figure S8. Effect of panitumumab on cells. Overlay of the bright-field image with the HCA
image of four clusters (plasma membrane, cytoplasm, nuclei, and lipid droplets) for (A)
SW48 and (B) SW480 cells treated with panitumumab. The red color intensity is scaled by
the changes observed in the spectra for each cluster. SW48 shows large changes in response
to panitumumab treatment, whereas SW480 is essentially unchanged. The cellular changes
occurring after panitumumab treatment were quantified by integrating the difference signal
exceeding the standard deviation.
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