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The role of lipid droplets and adipocytes in cancer.
Raman imaging of cell cultures: MCF10A, MCF7,
MDA-MB-231 compared to adipocytes in cancerous
human breast tissue

Halina Abramczyk,™" Jakub Surmacki,* Monika Kope¢é,* Alicja Klaudia Olejnik,*
Katarzyna Lubecka-Pietruszewska® and Krystyna Fabianowska-Majewska®

We studied live nonmalignant (MCF10A), mildly malignant (MCF7) and malignant (MDA-
MB-231) breast cancer cells and human breast cancer tissue. We demonstrate the first
application of Raman imaging and spectroscopy in diagnosing the role of lipid droplets in cell
line cultures that closely mimic an in vivo environment of various stages the human breast
cancer tissue. We analyzed the composition of the lipid droplets in nonmalignant and
malignant human breast epithelial cell lines and discuss the potential of lipid droplets as a
prognostic marker in breast cancer. To identify any difference between the lipid droplet-
associated biochemistry and to correlate it with different stages of breast cancer, the PCA
method was employed. The chemical composition of lipids and proteins, both in the cell line
models and in the human breast tissue has been analyzed. The paper shows the alterations in
lipid metabolism that have been reported in cancer, at both cellular and tissue levels, and

discuss how they contribute to different aspects of tumourigenesis.

Introduction

Vibrational imaging reveal new expanses in cancer biology. In
the last decade, confocal Raman microspectroscopy has been
proved to be a promising contactless and nondestructive
method suitable for determination of intracellular chemical
composition and chemical imaging of living cells, and human
tissues that may be used to diagnose a variety of diseases.
Vibrational spectroscopy may someday replace standard but
unsatisfying medical procedures. One of the main advantages
of Raman imaging is that it can give spatial information about
various chemical constituents in defined cellular compartments
in contrast to methods (e.g. liquid chromatography- mass
spectrometry (LC-MS)) that must rely on bulk or fractionated
analyses of extracted components.

Raman and IR imaging combined with nonlinear laser
spectroscopy have brought revolution in cancer detection and
treatment.'> High spatial and temporal resolution of these
methods allows to detect a single cancerous cell in vivo and
monitor molecular events that may contribute to cancer
development. The recent results obtained by Raman imaging
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and femtosecond transient absorption demonstrate that there are
many signaling pathways and metabolic alterations responsible
for tumorigenesis.

The link between cancer and the altered metabolism is usually
described through the mechanism of glycolysis, known as the
Warburg effect, which replaces ATP generation through
oxidative phosphorylation by ATP generation through
glycolysis, even under normal oxygen concentrations.*

There is more and more evidence'*** that metabolic alterations
in tumors extends beyond the Warburg effect and other
pathways are equally important, particularly those associated
with lipoprotein metabolism and the production of fatty acids
activated via multiple lipogenic enzymes affected at all levels
of regulation, including transcription, translation, protein
stabilization and protein phosphorylation.''> The recent
reviews'® emphasize the role of lipid synthesis in cancer
metabolism and tumor development. Although fatty acid (FA)
and cholesterol biosynthesis occur mainly in liver, adipose, and
lactating breast tissues, lipid biosynthesis is also observed in
cancerous tissue that is required for the rapid proliferation of
cancer cells. It has been reported that the shift from lipid uptake
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to de mnovo lipogenesis in cancer cells leads to increased
membrane lipid saturation, resulting in higher levels of
saturated and monounsaturated phospholipids, potentially
protecting cancer cells from oxidative damage by reducing lipid
peroxidation.'*

Increased level of saturated FAs are found in aggressive breast
cancers, suggesting that reduced membrane fluidity is a feature
of the advanced disease.'® Furthermore, depletion of sterol
regulatory element-binding transcription factor 1 (SREBPI)
and 2 (SREBP2) diminishes levels of monounsaturated FAs,
resulting in mitochondrial dysfunction, the accumulation of
reactive oxygen species (ROS) and endoplasmic reticulum (ER)
stress in immortalised human epithelial cells.'?

The lipid phenotype was ignored for many years by the Raman
scientific community that has focused almost exclusively on the
proteome profile in Raman and IR spectra.'¢""

As a consequence of focusing on the role of the proteome
profile in tumorigenesis, the optical methods, including Raman
spectroscopy, monitored the main organelles that are important
in making proteins: nucleus, ribosomes, rough endoplasmic
reticulum and Golgi apparatus. Lipid droplets were mostly
ignored in this respect and regarded mainly as static energy
storage deposits. However, recent research gained new exciting
perspectives for lipid droplets showing that they represent
important organelles containing specialized proteins and lipids
which play essential roles in cell signaling, regulation of lipid
metabolism, membrane trafficking and control of the synthesis
and secretion of inflammatory mediators.?’%'

Lipid droplets typically consist of neutral lipids in the form of
triacylglycerols, cholesteryl esters, or retinyl esters surrounded
by a phospholipid monolayer and proteins at the surface of lipid
droplets. In addition to storing triglycerides for energy, lipid
droplets also store phospholipids and sterols, which are critical
for the growth and maintenance of the cell membrane.?® Lipid
droplets have important roles in cellular lipid homeostasis and
energy metabolism. They have also major significance in the
development of metabolic and infectious diseases:
atherosclerosis, lipodystrophy and insulin resistance, Chanarin-
Dorfman syndrome, and liver damage.”® The recent research
showed that they also have significant roles in many aspects of
cancer development.?*?°

In view of these fundamental discoveries, lipid droplets are
under intensive study due to the increasing recognition that they
have fundamental roles in cellular metabolism. Lipid
metabolism is an emerging field in cancer research and there is
increasing evidence that lipid biomarkers should be considered
a crucial hallmark of cancer.*®'%?” However, the functional
implications of lipid droplets are poorly understood. Cancer
cells seem to contain increased numbers of lipid droplets
compared with normal cells. This was observed in colon
adenocarcinomas”’ as well as in a human lung cancer cell
(A549).*° Contrary, some papers suggest that cancer suppresses
the formation of lipid droplets and decreases the corresponding
lipid pool.’'** In contrast to the results obtained for cell

1,3,6

cultures, recent Raman and nuclear magnetic resonance

studies have shown that the concentration of lipids in breast
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cancer tissue is significantly lower compared to healthy
tissue.>**

The reason of this apparent discrepancy is unknown, although it
has been suggested'**° that an increase of intracellular lipids in
healthy tissue may origin from extracellular matrix, which does
not exist in cell cultures. This signature of cancer in the human
tissue is particularly important for invasive ductal and lobular
breast cancers when the epithelial cells migrate and invade
through the basement membrane into the surrounding
extracellular matrix consisting of connective tissue, fibroblasts
and adipose tissue that is a reservoir of lipids.'*® We have
demonstrated by Raman imaging that the noncancerous breast
tissue contains a markedly higher concentration of lipids than
the cancerous tissue from the tumor mass.* This conclusion is
consistent with reports that women with dense breasts are more
likely to be diagnosed with breast cancer and the breast cancer
is likely to be more aggressive. Dense breasts have less fatty
tissue and more non-fatty tissue. Breasts that aren't dense have
less non-fatty tissue and more fatty tissue contains adipocytes.*®
Unlike most cell types, white adipocytes typically contain a
single, large lipid droplet ranging up to 100 pm in diameter that
occupy the majority of the cytosol. In most other cell types,
including the epithelial cells, multiple and small lipid droplets,
usually of less than 1 pm in size are observed.’” Although the
functional implications of the vastly different sizes of lipid
droplets are poorly understood it is obvious that the geometry is
subject to different physical and chemical properties that may
determine their various biological functions.

The major role of white adipocytes is related to storing energy
supply. However, our recent results showed that they also serve
as a reservoir of anti ROS species (particularly carotenoids)
which may play a protective role against cancer by increasing
the resistance of cells to oxidative stress.>> The protective role
of selected fatty acids, such as docosahexaenoic and
eicosapentaenoic acids, have been observed in mammary tumor
initiating cells”™* by reducing the proliferation of mammary
tumor initiating cells and increasing toxicity towards. It has
been suggested that the positive or negative effect of some n-3
or n-6 fatty acids may be due to alteration of the lipid profile
with transformation to prostaglandins.®® Thus, the protective
character of some fatty acids may suggest that cancer cells
should contain decreased numbers of lipid droplets compared
with normal tissue. However, the protective role has been
proved to the limited number of fatty acids®® and the other fatty
acids pose more potential toxicity to cells compared to neutral
esterified triacylglycerides. Increased accumulation of lipid
droplets seems to play a role in protection from lipotoxicity.
Lipid droplets provide a protection mechanism to avoid
apoptosis when cells are exposed to excess unesterified fatty
acids.*® In light of the diverse roles of lipids in membrane
structure, cellular signaling and protein regulation, it is obvious
that lipids are essential components of the cellular machinery
that regulates proliferation, migration and survival of cancer
cells. Recent technological advances, such as the accurate
detection and quantitation of numerous lipid species by mass
spectrometry, allow the profiling of discrete changes within the

This journal is © The Royal Society of Chemistry 2012

Page 2 of 18



Page 3 of 18

©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

lipid composition of cancer cells and will help to elucidate the
intricate connections between lipid metabolism and cell
function in cancer. Lipid droplets have also been extensively
studied by vibrational spectroscopy.*'™**

The goal of our study was to assess the impact of cancer
aggressiveness on the amount of cytosolic lipid droplets in
nonmalignant and malignant human breast epithelial cell lines.
We will study live nonmalignant (MCF10A), mildly malignant
(MCF7) and malignant (MDA-MB-231) breast cancer cells.
This paper will examine some of the alterations in lipid
metabolism in breast cancer by Raman imaging, and discuss
how they contribute to different aspects of tumourigenesis in
malignant human breast epithelial cell lines MCF7, MDA-MB-
231 compared to nonmalignant MCF10A cell lines. The paper
analyzes the composition of the lipid droplets in nonmalignant
and malignant human breast epithelial cell lines and discuss the
potential of lipid droplets as a prognostic marker in breast
cancer.

Experimental

In order to employ Raman microspectroscopy for routine use in
cell biology numerous technical and methodological problems
need to be solved, such as discrimination of spectral
contributions from cultivation media and supporting materials,
adequate fixation assuring both viability and immobility of the
cells during exposure to laser beam, compromise between high
spatial resolution and inherent weakness of Raman signal, long
acquisition times needed to improve signal-to-noise ratio,
acquisition of Raman spectra and their preprocessing, as well as
interpretation of complicated and overlapping pattern of Raman
spectra in the terms of concentrations of chemical
constituents.*’

Cell lines and culture conditions

We studied live nonmalignant (MCF10A), mildly malignant
(MCF7) and malignant (MDA-MB-231) breast cancer cells.
MCF10A (tissue: mammary gland/breast, cell type: epithelial,
CRL-10317) and MCF7 (tissue: mammary gland/breast;
derived from metastatic site: pleural effusion, cell type:
epithelial, HTB-22) were purchased at ATCC (American Type
Culture Collection, LGC Standards). MDA-MB-231 (tissue:
mammary gland/breast; derived from metastatic site: pleural
effusion, cell type: epithelial, HTB-26) was purchased at ECCC
(European Collection of Cell Cultures, Salisbury UK).

MCF10A cells were propagated in monolayer culture using
standard mammalian cell culture techniques as described in the
ATCC protocols. MCF10A cells were incubated at 37°C, at
atmosphere of air, 95% humidity; carbon dioxide (CO,), 5% in
a nutrient-rich MEBM medium along with the additives
obtained from Lonza/Clonetics Corporation as a kit: MEGM,
Kit Catalog No. CC-3150 containing h-EGF-f (human
epidermal growth factor), BPE (bovine pituitary extract),
hydrocortisone and human recombinant insulin. According to
the ATCC protocol we did not use the gentamycin-
amphotericin B mix provided with kit. To make the complete
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growth medium, we added the 100 ng/ml cholera toxin from
SIGMA (St. Louis, MO, USA) (sold separately).

MCF7 and MDA-MB-231 cells were cultured in EMEM
medium (MEM Eagle with Earle's BSS, Lonza, Verviers,
Belgium) and L15 medium (Leibovitz's L15 medium, Lonza),
respectively, supplemented with: 2 mM L-glutamine; 0.01
mg/ml bovine insulin (only for MCF7 cells) (Sigma-Aldrich,
St. Louis, MO, USA); 10% (and 15% for MDA-MB-231 cells)
fetal bovine serum (FBS) (Thermo Scientific, HyClone, heat
inactivated); 1 U/ml penicillin, and 1 pg/ml streptomycin (Life
Technologies, Scotland, UK). Cells were grown at 37°C in a
humidified atmosphere of 5% CO,, except for MDA-MB-231
cells incubated without CO,.

Cells were subcultured every 3—4 days after reaching 70-80%
trypsinized,
resuspended in medium at a suitable density.
For the experiments, MCF10A, MCF7 and MDA-MB-231 cells
were seeded onto calcium fluoride windows (CaF,, 25%2 mm)
at a low density of 10x10%, 22x10° and 16x10° cells/cm?®,
respectively. After 24 h the CaF, slides with cells were rinsed
with phosphate-buffered saline (PBS, SIGMA P-5368, pH 7.4
at 25°C, c= 0.01 M) to remove any residual medium and

confluency. Cells were centrifuged, and

confocal Raman measurements were made immediately. Cells
were stored in PBS during measurements no longer than 1.5
hour.

For histological determination of lipid droplets in the cells we
used the procedure from ref.*® The samples were washed with
PBS, fixed in 4% buffered formaldehyde at 4°C for 30 minutes
and washed once with distilled water, then stained with Oil-
Red-O (00625 Sigma-Aldrich; saturated solution in
isopropanol, diluted 3:2 in distilled water; EMD Millipore).
Slides were photographed under a Olympus BX51 microscope
(Olympus Corporation).

All procedures were conducted under a protocol approved by
the institutional Bioethical Committee at the Medical
University of Lodz, Poland (RNN/45/14/KE).

Raman microspectroscopy and imaging

To explore morphological and biochemical heterogeneity
within cells Raman images were acquired using a confocal
Raman microscope - WITec alpha 300 RSA (Ulm, Germany)
consisting of an Olympus microscope, coupled via the fiber of a
50 pm core diameter with a 300 mm Czerny-Turner
monochromator (Princeton Instruments Acton SP23000-300
mm Imaging Triple Grating Monochromator/Spectrograph) and
a thermoelectrically cooled CCD camera ANDOR Newton
DU970N-UVB-353 (EMCCD chip with 1600x200 pixel
format, 16 pm dimension each) operating in standard mode at -
64°C with full vertical binning. To obtain well spatially-
resolved Raman spectra restricted to the lipid droplet volume,
the 40x objective (NIKON CFI Plan Fluor C ELWD 40x: N.A.
0.60, W.D. 3.6-2.8 mm; DIC-M, C.C.0-2) was used in
combination with small confocal pinhole (fiber core diameter
50 um) to eliminate Raman signal from the CaF, slide. The
laser beam doubled SHG of the Nd:YAG laser (532 nm) was
focused on the sample with the objective to the laser spot of 1
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pum determined by the laser wavelength and microscope
objective being used. The average laser excitation power was
38 mW, the collection (integration) time of 0.5 s for Raman
images and 20 s and 2 accumulations for single Raman spectra
in the spectral ranges of 100-1780 cm™' and 2600-3940 cm’'.
Rayleigh scattered light was removed using an edge filter.
Under these experimental conditions, we did not observe any
burning or photodegradation of the cells because PBS aqueous
solution protects the sample. A piezoelectric table was used to
record Raman images. Spectra were collected at one acquisition
per pixel and a diffraction grating with 1200 lines/mm. Raman
images (spatial resolution 1x1 pm) from the various spectral
regions corresponding to the characteristic regions of proteins,
fatty acids, DNA/RNA vibrations of the breast epithelial cells
were constructed.

Data pre-processing and multivariate data analysis

An essential role in spectroscopic methods of molecular
biology is played by preprocessing of Raman data, as they
naturally occur at the expense of introducing some fixatives,
matrices, adhesives, grow medium, which may generate their
own vibrational spectra overlapping the signals from the native
cells or tissue. To obtain reliable results one must be sure that
the method of cell lines processing does not distort the
vibrational spectra of the studied biological material. Detailed
methodology is available elsewhere.?

Raman data collected with the CCD detector were pre-
processed using the WITec Control/Project Plus 1.6/Project
2.10 package. The raw Raman data were corrected for cosmic
rays. We used spatial and frequency filtering to remove sharp
spikes attributed to cosmic rays.*”** The cosmic rays corrected
data were smoothed (order:3, 7pt) by a Savitzky and Golay
procedure.®’

The raw Raman data were analyzed in the ranges of 100-1800
cm™ and 1800-3940 cm™. The range of 100-1800 cm™ is useful
for control purpose, because it contains the band of the CaF,
support at 321 cm™. The Rayleigh scattering and the Raman
spectrum of the CaF, support were removed by background
subtraction and reduction of the spectral range to 400-1800 cm”
! before multivariate analysis.

The Raman spectra were analyzed using the Principal
Component Analysis (PCA) method and MATHLAB least-
squares fitting algorithm using PLS Toolbox Version 4.0 for
use with MATLAB. The large number of spectra collected for
PCA analysis required the use of automated removal method
for all of the spectra, which is critical to remove sources of
variability arising from autofluorescence and substrate
contamination. After baseline removal, the dominant remaining
source of distinction between spectra is the intensity of the
Raman features, arising from the variable amount of biological
material within the sample. Finally, the spectra were
normalized using the integral intensity of the band of water
OH-stretching vibrations at 3400 cm™' as an internal intensity
standard.

Statistical evaluation of datasets and visualization of their
spectral variability were based on the factor scores. The 2D

4| J. Name., 2012, 00, 1-3

array images of tens of thousands of individual Raman spectra
were evaluated by the basis analysis method. In this method,
each measured spectrum of the 2D spectral array is compared to
basis spectra using a least squares fit. Such basis spectra are
created as the average spectra from three characteristic areas in
the sample. The weight factor at each point is represented as a
2D image of the corresponding color. The color code of Raman
maps were based on the integrated Raman intensities in specific
regions (sum option in the filter manager in the Witec project
Plus 2.10). Using a lookup table, bright yellow colors indicate
the highest intensities, whereas brown colors indicate the
lowest intensities of the chosen region.

Results and discussion

Fig. 1 shows intracellular structures of MCF10A, MCF7 and
MDA-MB-231
comparison with the video images shows that Raman

mapped by Raman microscopy. The
microscopy is capable of displaying the cell morphology. As
shown in Fig. 1 the Raman and video images of the intracellular
structures are of virtually identical shapes, revealing well-
defined subcellular morphological structures. However, Raman
can reveal not only morphological but also valuable
information on detailed biochemical composition. The Raman
images in the region of characteristic vibrations reveal well-
defined protein structures, lipid droplets, membranes without
need of staining. Thus, chemical composition of the
intracellular structures can be furthermore analyzed in detail,
although reliable spectral assignment and decomposition into
the spectra of pure constituents should be carefully and
critically evaluated.

Fig. 1 The video images and respective Raman images of MCF10A (A), MCF7 (B)
and MDA-MB-231 (C) intracellular structures: lipid structure (triacylglycerides
(TAGs), fatty acids (FA) and cholesterol esters (CEs) (2840-2900 cm™), lipid-
protein structures (2900-3000 cm'l) of live breast cells in PBS.

The protein and lipid structures are given with the proper
spectral filters: lipid structure (triacylglycerides (TAGs), fatty
acids (FA) and cholesterol esters (CEs) (2840-2900 cm™), lipid-
protein structures (2900-3000 cm™)."*¢

In this paper we will concentrate on lipid droplets. The lipid
droplets are clearly seen in all types of cells presented in Fig. 1.
In the Raman images they are represented by small bright spots,
particularly clearly visible at the filters 2840-2900 cm™ and
2900-3000 cm™ typical for fatty acids, and triglycerides.">®
Histological staining with Oil-Red-O provided identical
distribution of lipid droplets within the cells.

The size of the intracellular droplets vary in size, ranging
from fractions of micrometers to a few micrometers.’” Lipid
droplets are typically localized in strings adjacent to the
lysosome (Fig. 1B) or randomly distributed in the cytosol (Fig.
1C). They are also frequently observed inside the lysosome.
Fig. 2 shows the schematic cross section of an animal cell with
the localization of lipid droplets.

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 Cross section of an animal cell (A), video image of a single cell of MCF7 (B)
and lipid droplet (C).

Fig. 3 shows Raman spectra across the marked lines inside the
cells. Combining information contained in the chemical groups
related to nucleic acids, proteins, and lipids,3’53’54 which can be
identified by appropriate peaks in the Raman spectra in Fig. 3,
with the morphological structure recorded by both Raman and
video images, the cellular components can be readily
distinguished.

Fig. 3 Raman spectra across the marked lines inside the cells: MCF10A (A), MCF7
(B) and MDA-MB-231 (C). Spectra were normalized to the integral intensity of
the water OH-stretching band at 3400 cm™ as an intensity standard.

While it is difficult to perform the full vibrational analysis of
the cell or the tissue due to heterogeneity of the sample and
high spatial resolution of Raman microspectroscopy based on
their single Raman spectra it is useful to identify first global
changes in the structure and composition that are provided by
the average Raman spectra.

Fig. 4 shows the average Raman spectra of MCF10A, MCF7
and MDA-MB-231.

Fig. 4 Average Raman spectra (A,C,E,G) and average difference Raman spectra
(B,D,F,H); (A-D) model preprocessing: smoothing, baseline, Standard Normal
Variate (SNV); (E-H) model preprocessing: smoothing, baseline, spectra are
normalized to the integral intensity of the water OH-stretching band at 3400 cm’
! as an intensity standard; Cross-validated PLSDA Y-prediction plots for MCF10A
(1), MCF7 (J), MDA-MB-231 (K).

The difference spectra of MCF7 and MDA-MB-231 to the
controls MCF10A (Figs. 4B, 4D, 4F, 4H) suggest increased
lipid content (positive peaks at 2844, 2859, 2906 cm™") and
mixed proteome (negative peaks at 1630 cm™ and positive
peaks at 1004, 1270, 1662, 2962 cm'l) in cell line of MCF7 and
MDA-MB-231 compared to MCF10A. The enhanced lipid
profile corresponds to increased numbers of lipid droplets in
malignant and metastatic cells compared with non-malignant
cells of MCF10A as the 2844, 2906 cm™' peaks are typical of
neutral esterified triacylglycerides that are the main
components of the lipid droplet. The protein Amide I band at
1662 cm™ shows increased proteome by strong positive spectral
feature and is consistent with variation of Amide III at 1270
cm’! and the protein band at 2962 cm™'. The Raman bands at
835, 991, 1002, 1322, 1348 and 1630 cm’! arise from the ring
structures of tyrosine/phenylalanine/tryptophan, respectively.’>
" The bands are more intense in cancer cells (Fig. 4D),
suggesting possible elevation in the expression of such aromatic
amino acids rich proteins. The protein bands at 835, 991, 1270,
1630, 1662, 2962 cm’' show consistent variation with the
protein band at 2930 cm™', which increases in MDA-MB-231
compared to non-malignant MCF10A and shows no change in
MCF7. The band at 2930 cm™ corresponds to collagen.’>%
Although MCF10A is
characterized by collagen production due to fibrocystic disease

non-malignant cell line, it is

This journal is © The Royal Society of Chemistry 2012
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of epithelium. This may explain the negligible difference
between MCF10A and MCF7 Raman spectra (Fig. 4F).

To quantify the number of the lipid droplets in the three cell
lines we have counted the droplets from the classical staining
with Oil-Red-O and Raman images from the fixed regions of
120 pm x 120 um. We have found that the number of
cytoplasmic lipid droplets in live nonmalignant MCF10A breast
cells is =4 times lower than in a highly malignant breast cells
(MDA-MB-231) and =2 times lower
malignant breast cells (MCF7). Thus, an increased amount of

than in a mildly

lipid droplets correlates with increased aggressiveness of
cancer. The increased amount of cytoplasmic lipid droplets in
the human breast cell may be closely related to increased rate of
lipid synthesis in cancerous tissues.

The enhanced lipid content in malignant breast cancer cells
may come from high rate synthesis of fatty acid and
phospholipids.®* This enhanced metabolism of transformed
cells has long been recognized, because de novo synthesis
provides the majority of lipids required for the rapid
proliferation of cancer cells.”> However, the detailed role of
lipids in cellular transformation, tumour development and
tumour progression, as well as their potential role in facilitating
the spread of cancerous cells to secondary sites, are not yet
fully understood.”’ The lipogenesis regulated by fatty acid
synthase is associated with upregulation of HERI1/HER2
tyrosine kinase receptors in the cells.®*®” Our results indicate
augmented lipogenic process as well as the excessive
expression of tyrosine receptors observed in Fig. 4D, which
might play an important role in promoting the upregulation of
fatty acid synthase in both cancer cells of MCF7 and MDA-
MB-231 compared to control epithelial cells of MCF10A.

So far we analyzed the average Raman spectra that provide
information about the total cellular chemical content. Now, we
will concentrate on the composition of the individual lipid
droplets that amount to a marked increase in total cellular lipid
content.

Fig. 5 shows the Raman images of the MCF10A, MCF7 and
MDA-MB-231 cell that contain lipid droplets and the Raman
spectra recorded at the middle of the lipid droplets (marked
with the crosses).

Fig. 5 Video images, label-free Raman images (2840-2900 cm'l) and Raman
spectra from the characteristic structures (marked by the cross) of the lipid
droplets in the live cells MCF10A (A), MCF7 (B) and MDA-MB-231 (C).

It is of interest to know whether chemical composition of the
large adipocytes in human breast tissue is the same as that in
the lipid droplets in the malignant and non-malignant epithelial
cells.

Fig. 6 Comparison of the Raman spectra from the human adipose tissue (at the
point marked with the green cross +) in the cancerous breast tissue (infiltrating
ductal carcinoma, P104) and from the lipid droplets in the epithelial cells of
MCF10A, MCF7 and MDA-MB-231.

J. Name., 2012, 00, 1-3 | 5
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Fig. 6 shows the comparison of the Raman spectra from the
human adipose tissue (infiltrating ductal carcinoma), and from
the lipid droplets in the epithelial cells of MCF10A, MCF7 and
MDA-MB-231. It is evident that the lipid profiles of the non-
adipocyte lipid droplets in epithelial breast cells differ markedly
from that of the adipocyte indicating different chemical
composition. The intracellular droplets in MCF10A, MCF7,
MDA-MB-231 cells varies in size, ranging from a few
micrometers to 10 um (Figs. 6B, 6C, 6D). They are smaller
than adipocytes of the human breast tissue. Adipocytes are lipid
bodies that tend to be larger than lipid droplets ranging up from
30 to 100 um (Fig. 6A).

These results demonstrates power of Raman imaging that can
give spatial information about lipids in defined cellular
compartments in contrast to liquid chromatography-mass
spectrometry (LC-MS) that rely on bulk or fractionated
analyses of extracted lipids.*?

Different chemical composition suggests that the large
adipocytes in the breast tissue play different role than the lipid
droplets in the epithelial breast cells. To answer this
fundamental question let us concentrate on the chemical
composition of lipids in the breast adipocytes and in the lipid
droplets.

Fig. 7 shows Raman spectra of selected omega 6 family fatty
acids: linoleic acid (LA), y-linolenic acid (GLA), arachidonic
acid (AA) (A); oleic acid (OA), gliceryl trioleate, stearic acid,
cholesterol, adipocyte from the cancerous breast tissue
(infiltrating ductal carcinoma), lipid droplets from the
nonmalignant and malignant epithelial cells: MCF10A, MCF7,
MDA-MB-231, cancerous tissue (B and C); and selected omega
3 fatty acids: a-linolenic acid (ALA), eicosatetraenoic acid,
eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA),
acid (DHA),
tetracosahexaenoic acid (D).

docosahexaenoic tetracosapentaenoic  acid,

Fig. 7 Comparison of Raman spectra of adipocyte from the cancerous breast
tissue (infiltrating ductal carcinoma) of patient 104 (adipocyte), lipid droplets
from the nonmalignant and malignant epithelial cells: MCF10A, MCF7, MDA-MB-
231 (B) with selected omega 6 family fatty acids: linoleic acid (LA), y—linolenic
acid (GLA), arachidonic acid (AA) (A); oleic acid (OA), gliceryl trioleate, stearic
acid, cholesterol (C), and selected omega 3 fatty acids: a-linolenic acid (ALA),
eicosatetraenoic acid, eicosapentaenoic acid (EPA), docosapentaenoic acid
(DPA), docosahexaenoic acid (DHA), tetracosapentaenoic acid,
tetracosahexaenoic acid (D).

Comparison of the Raman spectra of lipid bodies from the cells
and the adipose of the breast tissue with the Raman spectra of
saturated and unsaturated fatty acids and esterified fatty
acids®® presented in Fig. 7 shows that the adipocytes in the
cancerous breast tissue (Fig. 7B) are dominated by triglycerides
of oleic and linoleic acid. This is in agreement with the
previous reports that approximately 60 to 85% of the weight of
white adipose tissue is lipid, with 90-99% being triglyceride.
Small amounts of free fatty acids (myristic, palmitic,
palmitoleic, stearic, oleic and linoleic), diglyceride, cholesterol,
phospholipid as well as cholesterol ester and monoglyceride are
also present. The remaining weight of white adipose tissue is

6 | J. Name., 2012, 00, 1-3

composed of water (5 to 30%) and protein (2 to 3%). Varying
the composition of diet can vary the fatty acid profile in adipose
tissue.®®

in the
cancerous epithelial cells contain triglycerides and fatty acids

By contrast, non-adipocyte lipid droplets (Fig. 7B)

dominated by arachidonic acid profile (Fig. 7A). It suggests
that lipid droplet synthesis and growth is stimulated by different
pathways compared to adipocytes. This important finding may
indicate that the lipid droplets are potential bodies for
localization of enzymes responsible for formation of
eicosanoids. Our results are in agreement with the reports on
lipid droplets abundantly present in leucocytes engaged in

2869 which are rich in estrified

inflammation and cancer,
arachidonate. Eicosanoids are produced from arachidonic acid,
a polyunsaturated 20-carbon FA. Arachidonic acid is converted
into prostaglandin H, (PGH,) by prostaglandin H, synthases,
also known as cyclooxygenases (COX1 and COX2), or into
leukotrienes by leukotriene synthases. PGH, can be converted
into additional prostaglandins, including prostaglandin E2
(PGE,), prostacyclin and thromboxanes.”

Our results suggest that lipid droplets in the breast epithelial
cell and breast adipocytes differ not only in size, but also in
biochemical composition. It indicates these lipid bodies must
play different role in cancer pathology. The mechanisms
leading to the differences in adipose and lipid droplet
composition are unclear but are likely to be important for
understanding the role of lipid droplets in cancer development.
Most of the acetyl-CoA used for de novo fatty acids (FA) and
cholesterol biosynthesis is generated from glucose via the
conversion of pyruvate to citrate in the tricarboxylic acid
(TCA) cycle. However, recent evidence suggests that cancer
cells are also able to generate citrate for FA biosynthesis
through the reductive metabolism of glutamine.”""”> Moreover,
direct incorporation of acetate could also contribute to the pool
of cytoplasmic acetyl-CoA that is used for lipid biosynthesis in
cancer cells, at least under certain conditions.”

The results in Fig. 6 show clear indication of adipocyte
differentiation. As we showed the main contribution to the
differentiation originate from the triacylglycerides and fatty
acids chemical composition. However, the differentiation is
also associated with the surface proteins. Proteomics studies
have identified hundreds lipid droplet-associated proteins.”>””’
To learn more about the chemical composition of the lipid
droplets let us focus on the proteome profile. Fig. 6 shows that
the lipid droplets have the main band at 2930 cm™ and
additional component at 2962 c¢cm™ which is larger in MDA-
MB-231 compared to MCF7 which may indicate that it
increases with cancer aggressiveness. The same component is
clearly visible in the difference spectra in Fig. 4. This additional
component must origin from proteins.

The first lipid droplet-associated proteins identified were the
perilipins and related proteins, which have important metabolic
roles in the control of triacylglycerol storage and release from
lipid droplets.”®” Perilipin is localized at the surface of lipid
droplets and acts as a protective coating from the body’s natural
lipases, such as hormone-sensitive lipase which breaks

This journal is © The Royal Society of Chemistry 2012
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triglycerides into glycerol and free fatty acids for use in
metabolic process of lipolysis.”® Some of the most frequently
associated proteins include enzymes involved in triacylglycerol
and phospholipid biosynthesis (acyl-CoA: diacylglycerol
acyltransferase 2, acyl-CoA synthetase; CTP: phosphocholine
cytidylyltransferase), membrane-trafficking proteins (ARF1,
Rab5, Rabl18), and the adipose tissue triacylglycerol lipase
(ATGL).258081

To evaluate more formally the predictive validity and
robustness of the pathway signatures emerging from the Raman
analysis, PCA study was applied.

Fig. 8 shows the PCA score plot (model: smoothing, baseline,
normalization, first derivative) for all the recorded Raman
spectra of the breast epithelial cells. PC1, PC2, and PC3 scores
accounted for 43.75%, 6.86%, 4.84% respectively of the total
variance in the dataset. The PCA score plot shows good
separation between the three arbitrary classes and discriminates
the nonmalignant, mildly malignant and malignant metastatic
human breast cancer in MCF10A, MCF7, MDA-MB-231 cell
line cultures cells as shown in Fig. 8. The dominant molecular
signature that discriminate between nonmalignant (MCF10A),
mildly malignant (MCF7) and malignant (MDA-MB-231) cells,
as well as between the various level of aggressiveness of cancer
originates from lipid metabolism occurring in the lipid droplets.

Fig. 8 PCA score plot (model: smoothing, baseline, normalization, 1-st derivative)
for the Raman spectra of the breast epithelial cells: MCF10A (blue circles, o),
MCF7 (green triangles, ¥) MDA-MB-231 (red triangles, ¥), integration time 20
sec, 2 accumulations, laser power 38 mW, step 1.2 cm'l, 2600-3940 cm™.

Interestingly, PCA analysis presented in Fig. 8 shows that the
discrimination between normal and diseased cells is higher for
MCF7 than for MDA-MB-231 compared to the control
MCF10A. This suggests that fatty acids (FA) biosynthesis is a
feature of early stages of cancer development. More-advanced
tumours show reduced FA biosynthesis which is consistent with
reduced proliferation but activation of an antioxidant signature
of cancers.?” This also suggests that anabolic processes are
more important during the initial expansion phase of early
tumours whereas the advanced disease is more dependent on
processes required for the detoxification of reactive oxygen
species (ROS).

The PCA analysis demonstrates that the Raman signatures of
oncogenic pathways can distinguish the malignant cells
expressing the oncogenic activity (MCF7 and MDA-MB-231)
from the control normal cells (MCF10A). The analysis clearly
distinguishes and predicts the state of an oncogenic pathway.

Conclusions

This paper examines some of the alterations in lipid metabolism
that have been reported in cancer, at both cellular and tissue
levels, and discuss how they contribute to different aspects of
tumourigenesis. The picture that emerges from the analysis of
the Raman results provide evidence that cancer cells show
specific alterations in different aspects of lipid metabolism.

This journal is © The Royal Society of Chemistry 2012

Analyst

Changes in lipid metabolism can affect numerous cellular

processes, including cell growth, proliferation, and
differentiation through various mechanisms including the
signaling functions, availability of structural lipids for the
synthesis of membranes, and energy homeostasis.

We have shown that Raman imaging provides new insights into
lipid metabolism in cancers by controlling the level of the
synthesis and degradation of lipids. The conventional methods
(e.g. liquid chromatography - mass spectrometry (LC-MS))
cannot give spatial information about chemical composition in
defined cellular compartments and must rely on bulk or
fractionated analyses of extracted components. Raman
spectroscopy and imaging can take advantage of high spatial
resolution and intrinsic molecular differences between various
chemicals in biological structures to construct free-label images
that traditionally require the introduction of tags or stains.

We have found that lipid composition of cytoplasmic lipid
droplets in the human breast epithelial cells and in large
adipocytes of the breast tissue is different. The adipocytes in
the cancerous breast tissue is dominated by triglycerides of
oleic and linoleic acid. By contrast, non-adipocyte lipid droplet
in the cancerous epithelial cells contains triglycerides and fatty
acids dominated by arachidonic acid profile. It suggests that
lipid droplet synthesis and growth is stimulated by different
pathways compared to adipocytes. This important finding may
indicate that the lipid droplets are potential bodies for
localization of enzymes responsible for formation of
eicosanoids that are produced from arachidonic acid, a
polyunsaturated 20-carbon fatty acid. Our results are in
agreement with numerous reports on lipid droplets abundantly

2889 which are rich in

present in inflammation and cancer,
esterified arachidonate.

Our results demonstrate that the number of cytoplasmic lipid
droplets in live nonmalignant MCF10A breast cells is =2 times
lower than in a mildly malignant breast cells (MCF7) and =4
times lower than in a highly malignant breast cells (MDA-MB-
231). Thus, an increased amount of lipid droplets correlates
with increased aggressiveness of cancer. The increased amount
of cytoplasmic lipid droplets in the human breast cell may be
closely related to increased rate of lipid synthesis in cancerous
tissues. The enhanced lipid content in malignant breast cancer
cells may come from high rate synthesis of fatty acid and
phospholipids. Targeting lipid metabolism that can be
monitored by Raman microspectroscopy may offer novel
therapeutic strategies for cancer treatment.
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Raman spectra across the marked lines inside the cells: MCF10A (A), MCF7 (B) and MDA-MB-231 (C).
Spectra were normalized to the integral intensity of the water OH-stretching band at 3400 cm™ as an
intensity standard.
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37 Average Raman spectra (A,C,E,G) and average difference Raman spectra (B,D,F,H); (A-D) model

38 preprocessing: smoothing, baseline, Standard Normal Variate (SNV); (E-H) model preprocessing:
39 smoothing, baseline, spectra are normalized to the integral intensity of the water OH-stretching band at
40 3400 cm™ as an intensity standard; Cross-validated PLSDA Y-prediction plots for MCF10A (1), MCF7 (J),
41 MDA-MB-231 (K).
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Video images, label-free Raman images (2840-2900 cm™) and Raman spectra from the characteristic
structures (marked by the cross) of the lipid droplets in the live cells MCF10A (A), MCF7 (B) and MDA-MB-
231 (C).
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42 Comparison of the Raman spectra from the human adipose tissue (at the point marked with the green cross
43 +) in the cancerous breast tissue (infiltrating ductal carcinoma, P104) and from the lipid droplets in the
44 epithelial cells of MCF10A, MCF7 and MDA-MB-231.
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docosapentaenoic acid, DPA (22:5n3)
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eicosatetraenoic acid (20:4n3)

a - linolenic acid, ALA (18:3n3)

2800 2900 3000 3100

Comparison of Raman spectra of adipocyte from the cancerous breast tissue (infiltrating ductal carcinoma)
of patient 104 (adipocyte), lipid droplets from the nonmalignant and malignant epithelial cells: MCF10A,
MCF7, MDA-MB-231 (B) with selected omega 6 family fatty acids: linoleic acid (LA), a-linolenic acid (GLA),
arachidonic acid (AA) (A); oleic acid (OA), gliceryl trioleate, stearic acid, cholesterol (C), and selected omega
3 fatty acids: y-linolenic acid (ALA), eicosatetraenoic acid, eicosapentaenoic acid (EPA), docosapentaenoic
acid (DPA), docosahexaenoic acid (DHA), tetracosapentaenoic acid, tetracosahexaenoic acid (D).
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28 PCA score plot (model: smoothing, baseline, normalization, 1-st derivative) for the Raman spectra of the
29 breast epithelial cells: MCF10A (blue circles, »), MCF7 (green triangles, ¥) MDA-MB-231 (red triangles, V),
30 integration time 20 sec, 2 accumulations, laser power 38 mW, step 1.2 cm™, 2600-3940 cm™.
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We analyzed the composition of lipid droplets in nonmalignant and malignant human breast epithelial cell
lines and discuss the potential of lipid droplets as a prognostic marker in breast cancer.
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