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Abstract

The major obstacle to successful chemotherapy of cancer patients is drug resistance.
Previously we explored the molecular mechanisms of curcumin cross-resistance in
carboplatin resistant human laryngeal carcinoma 7T cells. Following curcumin treatment we
found reduction in curcumin accumulation, induction of reactive oxygen species (ROS) and
their downstream effects, compared to parental HEp-2 cells. In order to shed more light on
mechanisms involved in drug resistance of 7T cells, in present study we applied Fourier
transform infrared (FTIR) spectroscopy, a technique that provides information about the
nature and quantities of all molecules present in the cell. By comparing the spectra from
parental HEp-2 cells and their 7T subline, we found an increase in the intensity of ester
vibrational bands in 7T cells. This implied an increase in amount of cholesteryl esters in
resistant cells, which we confirmed by an enzymatic assay. Since cholesteryl esters are
localized in lipid droplets, we confirmed their higher quantity and serum dependency in 7T
cells compared to HEp-2 cells. Moreover, treatment with oleic acid induced more lipid
droplets in 7T when compared to HEp-2 cells, as shown by flow cytometry. We can conclude
that along with previously determined molecular mechanisms of curcumin resistance in 7T
cells, these cells exhibit increased content of cholesteryl esters and lipid droplets, suggesting
an alteration in cellular lipid metabolism as a possible additional mechanism of drug
resistance. Furthermore, our results suggest the use of FTIR spectroscopy as a promising

technique in drug resistance research.
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Introduction

Chemotherapy is one of the principal modes of treatment for cancer patients. Clinically,
resistance to chemotherapy is a lack of drug-induced tumor growth inhibition and can arise
prior to or as a result of cancer chemotherapy.' Cellular, molecular and physiological
investigation of the mechanisms underlying drug resistance has identified multiple factors
involved in this phenomenon. In general, they include alteration in drug transport and
metabolism, mutation and amplification of drug targets, as well as genetic changes which can
lead to impaired apoptosis.'

Unlike conventional cellular or molecular biology techniques used in cancer research, Fourier
transform infrared (FTIR) spectroscopy is developing as a more holistic approach because it
gives information about all molecules present in the cell (proteins, lipids, nucleic acids and
others). This technique is based on the fact that each molecule has its own distinct pattern of
absorption peaks, which can be used as a fingerprint for identification of that molecule.”
Furthermore, the absorbance peaks are related to the concentration of molecules in a mixture
and therefore FTIR spectroscopy can serve as both qualitative and a semi-quantitative
spectroscopic tool. In the past there were some attempts to use FTIR spectroscopy in the study
of cancer drug resistance,”* but only in recent years it has become a more popular method in
this field of cancer research. Most of the recent studies were aimed to evaluate the potential of
this vibrational spectroscopic method to perform cell typing and to differentiate between

sensitive and resistant human cancer cell lines.>'°

This was done with intent to develop FTIR
technique as a simple, in vitro, reagent-free diagnostic tool for finding drug resistance patterns
or predicting in vivo drug response. FTIR technique also showed potential in detecting
biochemical changes in tumor cells ' '? because the results of FTIR analysis were confirmed
by other independent methods." In spite of this, only in a few studies was this technique used
for detection of biochemical changes in drug resistant cancer cells in attempt to get some
insights to potential mechanisms of drug resistance.'* °

Since resistance of tumor cells to chemotherapy is the major obstacle that limits the
effectiveness of cancer treatment, novel strategies that could be efficient against drug resistant
tumor cells are being developed such as the use of drugs from traditional medicine. According
to the literature, natural compound curcumin showed the same anticancer effects in several
drug resistant cell lines as in their sensitive parental counterparts.'®"® In our previous work we
reported for the first time that drug resistant cells may also be cross-resistant to curcumin.”

This was shown for carboplatin resistant 7T cell line that was developed in our laboratory by

the treatment of human laryngeal carcinoma (HEp-2) cells with carboplatin.*' We have
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previously examined the molecular mechanisms that are involved in resistance of 7T cells to
curcumin and found that following the treatment with curcumin 7T cells exhibited lower
intracellular accumulation of curcumin which coincided with reduced formation of reactive
oxygen species (ROS), diminished lipid and DNA damage followed by reduced induction of
apoptosis and expression of heat shock protein 70 (Hsp70), as compared to parental HEp2
cells.”” In order to get a broader view of all macromolecules involved in curcumin resistance
of 7T cells, we decided to use FTIR spectroscopy. We aimed to find some new potential
candidates involved in curcumin resistance that would be further investigated with more
specific methods. Here we present that FTIR spectroscopy is able to reveal the presence of
specific organelles, lipid droplets, in drug resistant cancer cells through detection of
difference in ester vibrational band intensity while comparing spectra of sensitive and

resistant cancer cells.

Materials and methods

Cell culture

Human laryngeal carcinoma HEp-2 cells were obtained from cell culture bank (Gibco, Grand
Island, NY, USA). Development of their subline resistant to carboplatin (7T cells) has been
published previously.”' These cells were propagated for 26 passages without reversion in
sensitivity to carboplatin and have been designated as 7T. HEp-2 and 7T cells were grown at
37°C with 5% CO, as a monolayer culture in Dulbecco's modified Eagle's medium, DMEM
(Gibco), supplemented with 10% bovine serum (Gibco). The doubling times for HEp-2 and
7T cells were 22 h and 26 h, respectively.

FTIR spectroscopy

All the measurements were carried out on PerkinElmer Spectrum GX spectrometer
(PerkinElmer, Waltham, Massachusetts, USA) equipped with liquid Nj-refrigerated MCT
(Mercury Cadmium Telluride) detector in attenuated total reflection (ATR) configuration (for
an ATR review, see % ). FTIR-ATR measurements were recorded between 4000 and 450 cm™
!, Before scanning the samples background was recorded by averaging 1000 scans at
resolution of 4 cm™. Each spectrum of the sample was obtained in about 7 min by averaging

256 scans at resolution of 4 cm™ and by automatic subtraction of background.
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Due to different doubling times 1.5 x 10° HEp-2 and 1.8 x 10°7T cells were grown in 10 cm
dishes for 48 h, when they reached 80% confluency. At that time they were trypsinized,
washed three times in isotonic solution (NaCl, 0.9%) to ensure complete removal of trypsin
and culture medium (to eliminate their interference in FTIR spectra of cells) and counted.
Then the cells were suspended in the NaCl solution at the final concentration of 5x10°
cells/20ul, and placed on ice (2 h maximum) until FTIR spectra were recorded. 20 pl of cell
suspension was placed on ZnSe crystal (dimensions: 50 x 20 mm) by forming the smear that
was quickly evaporated in N, flux to obtain a homogenous film of cells, as confirmed by
microscopic examination. For FTIR measurement we used horizontal attenuated total
reflection (HATR) accessory for PerkinElmer Spectrum GX spectrometer with the angle of
reflection of 45 degrees and the beam reflected 12 times. In two separate experiments three
independent dishes were grown for each cell line, and three to four samples were taken from
each dish for infrared measurements, thus generating a total of 18-20 spectra per cell line.
After 3-4 spectra of each dish were taken, cell viability (of remainder of cell suspension that
was kept on ice) was evaluated by trypan blue staining and it was 95% i.e. the same as before

the cells were placed on ice.

FTIR data analysis

To obtain information about the differences between the recorded spectra, principal
component analysis (PCA) was performed using the Matlab add-on PLS Toolbox
(Eigenvector Research, Inc., Wenatchee, Washington USA). Since 18-20 spectra were
recorded per each cell line, and each wavelength is a variable, the total number of variables
that has to be compared with statistical analysis is extremely large. These data are therefore
best processed with PCA statistical analysis, an unsupervised statistical method that enables
the reduction of variables by building linear combinations of wavenumbers that vary together.
The first principal component (PC 1) accounts for most variance present in the data set and
the second (PC 2) is built with the residual variance and is uncorrelated to the first one.”
Mean center preprocessing was applied on all spectra before PCA analysis.

The second method to explore the differences between the recorded spectra was hierarchical
classification of the spectra. It gives information about spectral relationships or spectral
similarity which are presented in the form of a dendrogram constructed with Ward's
algorithm. Shortly, the Euclidean distance between all the recorded spectra is calculated and
the closest spectra are linked to form a group. For hierarchical classification analysis we used

the same Matlab add-on and mean center preprocessing as for PCA analysis.
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To gain more insight into the chemical differences between parental HEp-2 and resistant 7T
cell line another statistical method, Student’s t-test, was used. The spectra were processed
with the specific “homemade” software Kinetics (kind gift of Prof. E. Goormaghtigh) which
is running under Matlab 7.** Recorded spectra were first baseline corrected and then
normalized to the maximum intensity of the Amide I band. To obtain the difference spectra,
the mean spectra of the parental HEp-2 cell line was subtracted from mean spectra of the
resistant 7T line. The positive and negative peaks in the difference spectra are representative
of the molecules that are relatively more abundant (positive peaks) or less abundant (negative
peaks) in 7T cells.” Obtained difference spectra were analyzed with Student’s t-test which
was performed for each point in spectra in order to extract the spectral regions where
statistically significant differences (p < 0.05) between two cell lines were observed.

Wavenumbers where a significant difference occurred were indicated by thicker lines.

Quantification of cholesteryl esters by enzymatic assay

For quantification of cholesteryl esters, HEp-2 (2 x 10°/well) and 7T cells (3 x 10° /well) were
grown in 6-well plates and 48 h after seeding were washed with PBS and lysed in a buffer
containing 50 mM Tris-HCI (pH 7.6), 150 mM NaCl, 2 mM EDTA, 1 % NP40, 0.5 % Triton
X-100 and protease inhibitor cocktail (Sigma-Aldrich, Seelze, Germany). Cell lysates were
centrifuged at 16 000 g for 10 min at 4 °C. The cholesterol content in the supernatants was
determined using the Amplex Red Cholesterol Assay Kit (Molecular Probes, Invitrogen,
Eugene, Oregon, USA) according to the manufacturer’s protocol. Fluorescence of resorufin
(530-nm excitation/590-nm emission wavelengths) was measured using microplate
fluorometer Fluoroskan Ascent FL (Thermo Electron Corporation, Waltham, Massachusetts,
USA). Total and free cholesterol amounts were determined by performing the assay in the
presence and absence of cholesterol esterase (50 units/ml), respectively. The cholesterol mass
in cholesteryl esters was determined by subtracting the free cholesterol values from the total
cholesterol values. These values were normalized to the total protein content, as measured by

the Bradford method.

QOil Red O staining of lipid droplets

HEp-2 (4 x 10*/well) and 7T (6 x 10%/well) cells were plated in 24 well plate and 24 h after
seeding the cells were incubated for additional 24 h with or without serum. Thereafter they
were washed two times with PBS and fixed for 30 min with 4% paraformaldehyde. After
washing with dH,O and 60% isopropanol they were dried and stained for 10 min with Oil Red
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O (Sigma-Aldrich) solution (6:4 ratio of 0.3% stock Oil Red O in dH,0O). Thereafter they
were counter-stained with haematoxylin for one minute. After extensive washing with tap
water, cells were dried, covered with mounting media and examined for lipid inclusions with
Axiovert 35 microscope (Zeiss, Oberkochen, Germany). Images were taken with the camera

Pixera Pro150ES (Pixera Corporation, San Jose, California, USA).

Nile Red staining and flow cytometry

HEp-2 (2 x 10°/well) and 7T cells (3 x 10° /well) were grown in 6-well plates and 24 h after
seeding they were incubated for additional 24 h with serum, without serum or with 200 uM
oleic acid (Sigma-Aldrich). After the treatment cells were collected by trypsinization and
washed with warm PBS without Ca®" and Mg2+ ions (to prevent cells from clotting).
Thereafter they were stained with 0.1 pg/ml Nile Red solution, prepared in the washing buffer
from 1 mg/ml stock of Nile Red in DMSO, and incubated for 30 min at room temperature
while being protected from light. After washing with cold PBS without Ca*" and Mg*" ions,
cells were resuspended in the same buffer and kept on ice until analysis with FACSCalibur
flow cytometer (Becton Dickinson, New Jersey, USA). FL1 green florescence from 10 000
cells was monitored because Nile Red is a lipophilic dye whose green fluorescence is specific

for binding lipid droplets due to their reduced polarity compared to cell membranes.”

Statistics
The results were presented as mean * standard error of the mean (SEM). The two-sided paired
Student’s t-test was performed to evaluate the significance of the differences between the

HEp-2 and 7T cells. p values less than 0.05 were accepted as significantly different.

Results

PCA statistical analysis

In FTIR spectra that were recorded from parental HEp-2 and resistant 7T cells (see
Supplementary data in Fig. S1) changes are not easily noticed without the statistical analysis.
Therefore, in order to see if there are any spectral differences regarding the whole absorbing
region (3100 - 1000 cm™), PCA statistical analysis was applied to compare the two cell lines.
Results of PCA statistical analysis on all individual spectra of HEp-2 and 7T cells is reported
in Fig. 1 as a projection of the spectra in the first two principal components. The percentage

between brackets represents the fraction of total variance described by the principal
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component (PC). More than 91 % of spectral variance was explained by the first (PC 1) and
second principal component (PC 2). As evident from Fig. 1, the clear separation between
HEp-2 and 7T cell line is obtained in the principal components PC1-PC2 space, suggesting a
clear difference between FTIR spectra of parental HEp-2 cells compared to resistant 7T cells

regarding the whole absorbing region.

Hierarchical classification of all recorded spectra

To verify the results of PCA statistical analysis we used a hierarchical classification of all
recorded spectra. By using this method we were able to get information about the similarities
between all recorded spectra regarding whole absorbing region (3100 - 1000 cm™). As shown
in Fig. 2 two major classes of spectra emerged after hierarchical classification of data. One
class corresponded to the spectra of parental HEp-2 cells and the other to the spectra of the
resistant 7T cells. This clear separation showed that there is an evident difference between

HEp-2 and 7T recorded spectra when taking whole absorbing region into account.

Student’s t-test of HEp-2 and 7T difference spectra

Since HEp-2 and 7T recorded spectra are evidently different with regard to whole absorbing
region, we wanted to identify at which wavenumbers these differences are statistically
significant. For this purpose difference spectra from HEp-2 and 7T mean spectra was obtained
and analyzed with Student’s t-test at each wavenumber. The result is shown in Fig. 3. Five
different regions (peaks) were marked with thicker red line because a statistically significant
difference (p < 0.05) between HEp-2 and 7T mean spectra was observed at those points. For
verification of these results additional PCA statistical analysis was done (see Supplementary
data in Fig. S2). These statistically different peaks (spanning one or more wavenumbers) were
marked with numbers from 1 to 5 and given band assignments based on literature * '% #2031
(Table 1). Positive and negative contributions of these peaks in the difference spectra gave us
information about the molecules that are relatively more abundant (positive peaks) or less
abundant (negative peaks) in resistant 7T cells. Peaks with numbers 1, 3 and 4 are negative
while peaks 2 and 5 are positive. According to the band assignments from Table 1, it can be
interpreted that there is a lesser abundance of lipids (peak 1 and 4) and proteins (peak 3 and 4)
in resistant 7T cell line compared to parental HEp-2 cells. On the other hand, 7T cells have a
greater abundance of cholesteryl esters because of the positive orientation of peaks 2 and 5

(Table 1). We reached this conclusion because these two peaks, among other assignments,

have one mutual assignment with cholesteryl esters. Other possible assignments i.e.
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phospholipids and triglycerides, are not so straightforward because of different orientation of
other peaks also assigned to this type of molecule (see Table 1, peak 1 and 4).

In conclusion, the data of Student’s t-test analysis showed the reduced levels of lipids and
proteins (which represent two quite broad groups of molecules) and an increase in cholesteryl

ester content in resistant 7T cells compared to parental HEp-2 cells.

Detection of higher cholesteryl ester levels in resistant 7T cells by enzymatic assay

The most straightforward results of FTIR spectral analysis showed that the resistant 7T cells
have an increased amount of cholesteryl esters compared to parental HEp-2 cells. Because of
potential biological significance of this data we verified this result by a specific fluorometric
enzymatic method which can detect very low concentrations of cholesterol. This assay
measures total and free cholesterol, and the amount of cholesteryl esters is determined as the
difference between the total and free cholesterol levels.

Result of enzymatic assay (Fig. 4) showed that, although the quantity of cholesteryl esters in
both cell lines was quite low (around 0.4 pg/mg of protein for HEp-2 cells and 0.8 pg/mg of
protein for 7T cells) (Fig. 4A) compared to quantities of free cholesterol (around 3.2 pg/mg of
protein for HEp-2 and 7T cells) (Fig. 4B), the amount of cholesteryl esters is indeed increased
in resistant 7T cells and is almost two times higher compared to the amount in HEp-2 cells
(Fig. 4A). On the contrary, amount of free cholesterol is the same in both cell lines (Fig. 4B).
Since the amount of cholesteryl esters in 7T cells was increased, total cholesterol amount was
also slightly increased compared to HEp-2 cells (Fig. 4C). However, since cholesteryl ester

quantity was quite low, this difference was not statistically significant.

Detection of lipid droplets in resistant 7T cells

According to the literature, cholesteryl esters are molecules localized in special cytoplasmic
organelles called lipid droplets (LD). They are composed of a lipid core which contains
mainly cholesteryl esters and triglycerides in various ratios and surrounded by a lipid
monolayer composed of phospholipids and proteins.*® Cells can form LD if lipids are
available in the growth medium. When maintained in serum-deprived conditions, LD
practically disappear. However, LD can be induced if free fatty acids are added to the growth
medium at nontoxic concentrations.”

In order to examine the presence of LD in HEp-2 and 7T cells, we used two hydrophobic
dyes: Oil Red O and Nile Red, which bind to LD due to their nonpolar nature.** Results of Oil
Red O staining (Fig. 5) showed that LD could be visualized as red colored dots only in the
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resistant 7T cells, and they disappeared upon serum withdrawal. At the same time, no visible
dots could be detected in parental HEp-2 cells if they were grown in media with or without
the serum. Since LD can vary in size and can be very small and hardly detectable,” ** we
used a more sensitive and quantitative method for LD detection, i.e. flow cytometric detection
with Nile Red staining.*” Results of Nile Red staining are presented in Fig. 6. Higher Nile Red
fluorescence was detected in 7T cells as compared to HEp-2 cells. When serum was deprived
from growth media, a larger decrease in Nile Red fluorescence was detected in 7T cells.
Supplementation of serum with oleic acid at a nontoxic concentration (as verified by MTT
assay, data not shown) induced more Nile Red fluorescence in 7T cells as compared to HEp-2
cells. Therefore, flow cytometric data show that LD are indeed present inside the 7T cells,
while HEp-2 cells have a very small amount of LD. In addition, supplementation of serum
with oleic acid implies that 7T cells have higher potential to increase the amount of lipid

droplets compared to HEp-2 cells, suggesting possible alterations in mechanism of lipid

droplet formation in 7T cells.

Discussion

The infrared (IR) spectrum of a cell comprises vibrational spectra of all molecules present in
the cell and is one of the most information-rich and concise ways to represent the nature and
quantities of all molecules present in the cell and, as such, has provided development of FTIR
spectroscopy as a useful and promising method in cancer research.” The identification and
assignment of IR spectral components (marker peaks) is generally performed by the so-called
“group frequency approach” which is a traditional and quite popular method of spectral
analysis. Frequency of vibration of specific functional groups is pre-assigned according to
those observed in the IR spectrum of corresponding pure biomolecules ¥ or mixtures of
molecules *° and compared with those already reported in the literature.*” Nevertheless, the IR
spectrum of a cell usually contains a large number of bands, many of which are impossible to
confidently assign to vibration of a particular group since vibrations of different molecular
components of a cell overlap (see Table 1, column “Spectral assignment”) and the spectrum
reflects only the average biochemical composition.” Therefore, we must conclude that the
unequivocal interpretation of pre-assigned vibrational frequencies of cell spectra is difficult
and it requires the application of some type of “resolution enhancement”. One way to do this

is the calculation of difference spectrum which gives information on biochemical, functional,

10
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structural and dynamical changes occurring in complex samples and in some circumstances
enables identification of spectral components that may give useful information about the
system explored. For example, during the treatment of human prostate cancer PC-3 cell line
with cardiotonic steroids »* FTIR difference spectra revealed a relative increase in the amount
of lipids with respect to the other cell components. Since cardiotonic steroids represent a
group of compounds that bind to the membrane embedded sodium pump,*' this finding was
new and interesting. After lipid isolation and analysis, a modification in the nature of cell
lipids was found, which suggested an additional mechanism of action for cardiotonic steroids
in cancer cells.

Accordingly to this approach, we decided to use FTIR spectral analysis to generally examine
all molecular changes present in resistant 7T cells with intention to find some new candidates
involved in drug resistance. To do this, we first examined whether FTIR spectra of 7T cells,
which reflects global macromolecular changes that occurred in this drug resistant cell line,
could be distinguishable from the FTIR spectra of sensitive HEp-2 cell line. PCA analysis and
hierarchical clustering (Fig. 1 and Fig. 2) showed clear difference between FTIR spectra of
these two lines. Our results are in accordance with other results obtained previously with
different types of resistant and sensitive cancer cell line pairs.4’ > 810 Second, we wanted to
identify the biochemical changes in resistant 7T cells as compared to parental HEp-2 cells by
making a difference spectra and spectral assignment of the peaks where differences were most
pronounced. In this way we found that two major classes of molecules (lipids and proteins)
are less abundant in 7T cells. We can also support this conclusion by the additional analysis
of overall difference spectra shape regardless of the statistically relevant areas. Namely, if we
look at the difference spectra shape in the area under the curve between 3000 and 2800 cm™
(Fig. 3), which is dominated by the contribution of hydrocarbon chains of the lipids,” all the
peaks are negative suggesting a decrease in the amount of lipids in 7T resistant cells. In
addition, both Amide I and Amide II peaks in the area under the curve between 1650 and
1540 cm™ (Fig. 3), which is attributable to both o-helical and B-sheet secondary protein
structure,* are also negative suggesting a decrease in the general amount of proteins in 7T

9 2 al’ld

resistant cells (Fig. 3). Further, the area which is a part of the “fingerprinting region
spans over 1400 to 1340 cm™ where lipids and proteins absorptions overlap, is also negative
suggesting again a decrease in both lipids and proteins in 7T cells (Fig. 3). All presented
findings support our previous conclusion based on statistical analysis that lipids and proteins

are less abundant in resistant 7T cells.

11
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One possible explanation for lower lipid content that was found in 7T resistant cells is the
smaller size of 7T cells as compared to HEp-2 cells, which was determined in our previous
work by measuring cell size on Beckman Cell Counter and on flow cytometric histograms of
cell size distribution.”® We presume that, if cells are smaller in size i.e. have smaller volume,
they will also have a smaller surface of cell membrane and thus less lipids in general. We
could support this presumption with the fact that after staining HEp-2 and 7T cells with Dil, a
carbocyanine dye which fluoresces upon binding to cellular phospholipid bilayer,” 7T cells
had lower fluorescence intensity compared to HEp-2 cells, as detected by flow cytometry
(data not shown). The smaller cell size could also explain the lower protein content found in
7T cells. Additionally, lower protein content of 7T cells could be explained by slower growth
rate of 7T cells compared to HEp-2 cells.* Namely, in a recent article a correlation analysis
was performed which spanned over 60 different cell lines and it was found that higher
expression of the protein translational machinery, including the preprocessing of mRNAs, has
a very straightforward quantitative relationship with higher proliferation rates of different
cancer cells.**

In short, the data obtained by analysis of difference spectra are implying that 7T cells,
probably due to a smaller cell size and lower proliferation rate compared to HEp-2 cells, have
lower amount of lipids and proteins in general, confirming the data that we obtained
previously with more specific methods.® Alongside these results, FTIR technique identified
some additional alterations in 7T cells. It detected increase in two areas of difference spectra
located around ~1735 cm™ and 1170-1130 cm™ with mutual spectral annotation to cholesteryl
esters (Table 1) thus suggesting the changes in their amount. These data were verified with
enzymatic assay which detected two fold increase in cholesteryl esters mass in 7T resistant
cells as compared to HEp-2 parental cells (Fig. 4A). It is interesting to note that the quantity
of cholesteryl esters in both cell lines was quite low compared to the level of cholesterol (Fig.
4B, C). In addition, these data suggest that FTIR spectroscopy is quite a sensitive method that
can detect very small amounts of molecules.

Cholesteryl esters are molecules localized in special cytoplasmic organelles called lipid
droplets.®® In recent literature there have been several review articles which summarized the
role of cholesteryl esters and lipid droplets in the processes of cancer development and
progression.**” In addition, increase in cholesteryl ester formation and the presence of lipid
droplets was reported in several drug resistant cell lines. For example, human ovarian
carcinoma cell line resistant to cisplatin (C13) showed higher lipid accumulation mainly

within cytoplasmic droplets in comparison to cisplatin-sensitive (2008) cell line.* In

12
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doxorubicin resistant human mammary carcinoma MCF-7 cells and human colon
adenocarcinoma LoVo cells increased amount of esterified cholesterol, saturated cholesteryl
ester and triglyceride fatty acid was found as compared to their sensitive counterparts.49’ %0
Similarly, when doxorubicin resistant MCF7R subline and doxorubicin resistant human oral
epidermoid carcinoma KBR subline, as well as human promyelocytic leukemia vincristine
resistant HL60OR subline were compared to their sensitive cell counterparts, an increase in
cytoplasmic organelles that stain with Nile Red was observed,”’ which is a main characteristic
of lipid droplet staining. In our study detection of lipid droplets by Oil Red O and Nile Red
staining showed that drug resistant 7T cells have higher amount of lipid droplets present in
the cytoplasm and also have a higher capacity to increase their amount due to free fatty acid
stimulation, compared to parental laryngeal carcinoma HEp-2 cell line.

The exact role of cholesteryl esters and lipid droplets in drug resistance has not yet been
resolved. Some possible mechanisms are emerging from a recent study where it was shown
that progestins in progesterone receptor positive breast cancer T47D cells induced lipid
droplet formation and reduced sensitivity to docetaxel.”> Even more, it was found that intact
docetaxel molecules were present within progestin induced lipid droplets, suggesting a
protective quenching effect of intracellular lipid droplets. Regarding our recent research of
curcumin resistance in 7T cells,”’ it would be interesting to explore if curcumin, which is a
hydrophobic compound like docetaxel,” would accumulate inside of lipid droplets present in
7T resistant cells and if modulation of lipid droplet quantity could affect resistance to that

compound.

Conclusions

The FTIR technique has become a very useful and promising tool in cancer research and
diagnostics, and has also shown to be quite useful in the present study of basic research when
exploring the molecular mechanisms involved in drug resistance. FTIR technique combined
with Kinetics software provided an overall signature of all molecules whose quantity changed
in drug resistant carcinoma 7T cells compared to parental HEp2 cells, but also information
about alteration in quantity of some specific molecules, like cholesteryl esters. However, it
needs to be taken into account that, during interpretation of results based on spectral
assignments, at least two or more peaks with the same orientation and the same spectral
assignment should be used to identify the molecules and then verified with more specific

methods.
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Our finding about the increase in cholesteryl ester quantity and amount of lipid droplets in
drug resistant cells suggests that these molecules and cell structures might have some role in
tumor cell drug resistance which has not yet been resolved, and should merit more exploration
in the future as potential biomarkers of drug resistance or therapeutic targets for drug resistant
tumors. Finally, our data imply that FTIR spectroscopy is quite a sensitive method that is not
only able to detect which types of molecules are changed in quantity when comparing two

sets of samples, but is also quite sensitive in detecting very small amounts of these molecules.

Abbreviations

ATR Attenuated total reflection;
FTIR Fourier transform infrared;
IR Infrared;

LD  Lipid droplets;

MFI  Mean fluorescence intensity;
OA  Oleic acid;

PC  Principal component;

PCA Principal component analysis;

ROS Reactive oxygen species
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Figures

Fig. 1. PCA analysis of all recorded HEp-2 and 7T spectra. Each point of the plot is
projection of a spectrum in the principal components PC1-PC2 space. Lighter dots represent
HEp-2 spectra and dark triangles represent 7T spectra. Ellipses depicted in the figure define
confidence limits, within which 95% of the data is allocated. The spectral range used for this
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Fig. 2. Hierarchical classification of all recorded HEp-2 and 7T spectra. The spectral range
used for this analysis was 3100-1000 cm™.
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13 Fig. 3. Difference spectra obtained by subtraction of 7T mean spectra from HEp-2 mean
spectra. A Student’s t-test was computed at every wavenumber with a significance level of
p<0.05. Statistically significant difference between the means was marked with thicker red
line and they are numbered according to the band assignments based on literature. For
18 numeral annotations (1-5) see description in Table 1.
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Fig. 4. Determination of cholesteryl esters (A), free cholesterol (B) and (C) total cholesterol
in HEp-2 and 7T cells. The cells were grown in 6 well plate for 48 h and thereafter Amplex
Red Cholesterol Assay Kit was used following manufacturer’s protocol. Cholesteryl esters
were determined by the difference between total and free cholesterol. Means and + SEM of 4
independent experiments, each performed in triplicate, are shown. * p < 0.05
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20 Fig. 5. Oil Red O staining of lipid droplets in HEp-2 and 7T cells. 24 h after the seeding cells
21 were incubated in growth medium for additional 24 h with or without serum, fixed and
22 stained with Oil Red O and haematoxylin. Arrows indicate red colored lipid droplets inside
23 7T cells. The pictures were taken at magnification 200 x.
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Fig. 6. Determination of lipid droplets in HEp-2 and 7T cells by Nile Red staining. 24 h after
seeding, cells were incubated for additional 24 h in medium with serum (control), medium
without serum (- serum) or medium with serum and 200 pM oleic acid (+ OA). Following the
treatment, cells were stained with Nile Red and mean fluorescence intensity (MFI) was
immediately analyzed with FACSCalibur flow cytometer. The results were obtained from
four independent measurements. All values are expressed relative to MFI values of HEp-2
control cells (67.03+8.36), set at 1.0. * p <0.05.
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Table 1. Band assignments based on literature > '*#?*>! for wavenumbers where significant
changes in FTIR difference spectra of laryngeal carcinoma parental and resistant cell line
were detected.
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Peak no. Wavenumber (cm™) Spectral assignment

1 ~2921 CH, asymmetric stretching mainly

13 from lipids, with little contribution

14 from  proteins,  carbohydrates,

15 nucleic acids

16 2 ~1735 C=0 ester stretch from cholesteryl

17 esters, triglycerides, phospholipids

18 3 ~1530 Amid 1I (N-H bending, C-N
stretching from proteins)

4 1400 -1340 COO" symmetric stretching from

22 fatty acids and amino acids

23 CHj; symmetric banding from lipids

24 CH, wagging from phospholipids,

25 fatty acids, triglycerides and amino

26 acids side chain

217 5 1170-1130 CO-O-C  asymmetric  stretching

28 from cholesteryl esters, glycogen

and nucleic acids
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Specific differences in FTIR spectra of HEp-2 and multidrug resistant 7T subline were observed
and verified as increased cholesteryl ester content and enhanced lipid droplet formation in 7T

cells.
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