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Current cancer treatments destroy the tumor mass but cannot prevent the recurrence of cancer. The
heterogeneous structure of the tumor mass includes cancer stem cells that are responsible for tumor
relapse, treatment resistance, invasion and metastasis. The biology of these cells is still not fully under-
stood; therefore, effective treatments cannot be developed sufficiently. Herein, attenuated total reflec-
tion-Fourier transform infrared (ATR-FTIR) spectroscopy, combined with unsupervised multivariate ana-
lysis, was applied to prostate cancer stem cells (CSCs), non-stem cancer cells (non-CSCs) and normal
prostate epithelial cells to elucidate the molecular mechanisms and features of CSCs, which are crucial to
improving the target specific therapies. This work revealed the spectral differences in the cellular mecha-
nisms and biochemical structures among three different cell types. Particularly, prostate CSCs exhibit
differences in the lipid composition and dynamics when compared to other cell types. CSCs also harbor
pronounced differences in their major cellular macromolecules, including differences in the protein
amount and content (mainly a-helices), the abundance of nucleic acids (DNA/RNA), altered nucleic acid
conformation and carbohydrate composition. Interestingly, macromolecules containing the C=0O groups
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and negatively charged molecules having the COO™ groups are abundant in prostate CSCs in comparison
to prostate non-CSCs and normal prostate cells. Overall, this study demonstrates the potential use of
ATR-FTIR spectroscopy as a powerful tool to obtain new insights into the understanding of the CSC fea-

rsc.li/analyst tures, which may provide new strategies for cancer treatment by selectively targeting the CSCs.
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Introduction

Most cancer-related deaths are due to drug resistance and
metastasis." The war on cancer has been going on for decades,
and although cancer treatment continues to improve, cancer is
still the leading cause of death. Prostate cancer is ranked at
the top in cancer-related deaths among males worldwide.” In
the prostate cancer cases, resistance to the loss of androgen
and chemotherapy continue to be major reasons for therapy
failure and death.>* Cancer cells can multiply rapidly and can
be resistant to aggressive treatments. The stem cell feature of
cancer cells is a key point for cancer progression and in the
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vast majority of incidences, it is the origin of cancer
recurrence.”” While the minor population of cells in a tumor
have the capability of self-renewal and the capacity to differen-
tiate, the rest of the tumor cells are non-tumorigenic and are
characterized by restricted self-renewal ability.*°

This minor population of tumor cells is ‘stem cell-like cells’
also termed ‘cancer stem cells’ (CSCs). CSCs lead to relapse,
chemotherapy/radiotherapy resistance, tumorigenesis, pro-
gression and invasion.'®" They present notable regulatory
capacities, such as coordinating cooperation with neighbours
to provide nutrients and creating suitable conditions for
tumor development. Cancer stem cells are conducive to
heterogeneous cell populations that have a high threshold
for stress tolerance, high plasticity potential in the tumor
microenvironment*™® and quiescence as a conventional
reaction.'® " Due to these specific features, chemotherapy can
lead to progression-free survival but does not treat the cancer.
Understanding these systems and the structures of cancer
stem cells is crucial for the improvement of the target-specific
therapies.

CSCs have been isolated on the basis of cell surface
markers in many types of cancer such as brain, stomach, lung,
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breast, colon and prostate cancer.”'*?°?> CD133 and CD44
cell surface antigens are the most commonly used biomarkers
for isolating and identifying prostate cancer stem cells (PCSCs)
by using flow cytometry from prostatic cancer tissue.

Fourier transform infrared (FTIR) spectroscopy uses infra-
red radiation to cause the molecular bonds within the (bio)
sample that absorbs it to vibrate. FTIR provides information
on the composition, concentration, dynamics and structure of
cellular macromolecules such as lipids, proteins, carbo-
hydrates, nucleic acids, phosphorylated compounds and other
metabolites. This powerful technique has been extensively
used in a variety of fields for probing cells and other bio-
medical samples since it is rapid, cost-effective, non-destruc-
tive and allows analysis without the requirement of complex
sample preparations.>*

Recently, FTIR spectroscopy has been successfully applied
to the study of both embryonic and adult stem cell research in
a number of ways.?** Spectroscopic characterization of
cancer stem cell-like cells from A549 lung carcinoma revealed
conformational changes in both proteins and nucleic acids, as
well as showed a higher C-O band of carbohydrates in A549
clones enriched with CSCs.*® Other spectroscopic studies on
CSCs in the renal epithelial carcinoma and esophageal adeno-
carcinoma demonstrated spectral differences in the IR bands
associated with lipid, phosphodiester and glycogen.’”
Besides, it was reported that the observation of differences
between glioblastoma cell fractions with high and low CSC
content is associated with the alterations in nucleic acids,
carbohydrates and phospholipids.*® Although synchrotron
radiation FTIR (SR-FTIR) has advantages over conventional
FTIR spectroscopy, providing a higher signal/noise ratio at the
highest spatial resolution due to the high intensity, the con-
ventional FTIR spectroscopic technique has also been success-
fully applied to the study of cells since it provides a cost-
effective, rapid and sensitive analysis. Nevertheless, the deter-
mination of the amount of the cells with the attenuated total
reflection (ATR) FTIR spectroscopy is challenging because the
cells placed on the ATR crystal would most likely be multi-
layered and overlapping with each other, which might affect
the absorbance spectra. The cells should be in good contact
with the ATR-crystal to obtain a stable and reproducible spec-
trum. Based on the aforementioned studies, ATR-FTIR spec-
troscopy has been widely used in cell biology in terms of basic
research and even diagnostic purposes due to the simplicity of
sample handling.

The aim of the present study is to identify the differences in
the cellular mechanisms and biochemical structures on the
molecular level by comparing the prostate cancer stem cells,
prostate cancer cells and normal prostate epithelial cells using
ATR-FTIR spectroscopy. Unsupervised statistical methods such
as principal component analysis (PCA) and hierarchical cluster
analysis (HCA), as well as infrared difference spectra and
Student’s t-test, were also applied to the FTIR spectra. Herein,
we will reveal the biochemical features of CSCs in prostate
cancers, which may provide personalized and effective thera-
peutic approaches. Biochemical and biophysical characteriz-
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ation of prostate CSCs may also facilitate the understanding of
the molecular mechanism of the CSCs and this may help in
the finding of new opportunities for anticancer therapy by
selectively targeting the CSCs.

Materials and methods
Cell lines

Human prostate cancer cell lines DU-145 were grown in
RPMI-1640 (Life Technologies, USA) medium supplemented
with 10% FBS (Fetal Bovine Serum) (Life Technologies, USA),
1% penicillin/streptomycin (Life Technologies, USA) and 1%
Amphotericin B (Life Technologies, USA). The human prostate
epithelial cell line RWPE-1 was grown in Keratinocyte SFM
medium (Life Technologies, USA) supplemented with recombi-
nant human Epidermal Growth Factor (thEGF) and Bovine
Pituitary Extract (BPE) (Life Technologies, USA) and main-
tained in a humidified atmosphere containing 5% CO, in an
incubator (New Brunswick, UK). Cells were cultured in T-75
flasks (Greiner, USA) and at 80-90% confluence, they were
sub-cultured in a 1:10 to 1: 12 split ratio.

Isolation of CD133*/CD44" cancer stem cells from the DU-145
cell line

After DU-145 human prostate cancer cells proliferated
sufficiently in RPMI-1640 medium (Life Technologies, USA)
supplemented with 10% FBS (Life Technologies, USA), 1%
penicillin/streptomycin (Life Technologies, USA) and 1%
Amphotericin B (Life Technologies, USA), the cells were
detached from the flask by using 0.05% Trypsin-EDTA (Life
Technologies, USA) and centrifuged at 1000 rpm x 10 min. The
cell count and viability were determined using a Muse Cell
Analyzer (Millipore, USA) and Cell Count & Viability Kit
(MCH100102, Millipore, USA). After the number of cells was
determined, the cells were resuspended in an appropriate
volume of flow cytometry staining buffer (Beckton Dickinson,
USA) so that the final cell concentration was 10 x 10° cell ml™".
The samples were then labelled with CD133-PE (Miltenyi Biotec,
UK) (for 10 pL/10° cells) and CD44-APC (Miltenyi Biotec, UK)
(for 10 uL/10° cells) and incubated at 4 °C in the dark for
20 min. After the incubation period was over, the cells were
centrifuged at 1000 rpm for 10 min and resuspended with
phosphate buffer saline (PBS) (Life Technologies, USA).
Finally, the cells were sorted as the CD133%/CD44" population
(cancer stem cells) and the non-sorting counterparts using the
FACS Aria II fluorescence-activated cell sorter. After the iso-
lation process, 1 x 10° cells were obtained. In the analysis per-
formed after the cell sorting, the purity of the CD133"/CD44"
cancer stem cells was determined to be 88% and the viability
of cells 97%.

Hematoxylin and eosin staining protocol

RWPE-1, DU145 CD133"/CD44" CSCs and DU-145 non-sorting
cells were seeded in 6-well plates at a density of 1 x 10° cells
per well. After the cells were attached, the cells were rinsed
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twice with cold PBS to remove the medium. Then, 4% parafor-
maldehyde was added to each well and the plate was stored at
+4 °C for 15 min for cell fixation. Following washing with PBS
three times, Mayer’s hematoxylin (Sigma-Aldrich, USA) was
added to each well for 2 min. After washing with tap water and
distilled water, eosin (Sigma-Aldrich, USA) was added to each
well for 1 min. After washing with PBS three times, the cells
were visualized using an Olympus BX 51 (Olympus, Japan).

Preparation of cell suspensions for ATR-FTIR measurements

RWPE-1, DU145 CD133"/CD44" CSCs and DU-145 non-sorting
cells were resuspended in 1 mL PBS (Life Technologies, USA)
for washing and were centrifuged (1000 rpm x 10 min) three
times. After removing the supernatant, the cells were resus-
pended in the sterile physiological NaCl solution with a final
concentration of about 1 x 10° cell per mL. Three independent
cultures of three types of cells were grown, as given below:

« RWPE-1: Normal human prostate epithelial cells (normal
cells)

« DU-145 sorted cells (sort +): Cancer stem cells (CSCs)

« DU-145 non-sorting cells (sort —): Non-stem cancer cells
(non-CSCs)

ATR-FTIR spectroscopic measurements

The FTIR measurements were performed with an IRTracer-100
FTIR spectrometer (Shimadzu, Japan) combined with an atte-
nuated total reflection (ATR) unit and equipped with a
DLATGS detector. The cell suspension (1.5 pL; about 1 x 10°
cells per mL) was deposited on the diamond crystal surface
(single-reflection sampling plate) and dried at room tempera-
ture for ~12 min under dry air purge conditions to remove the
excess water before measurements. To control the dehydration
state of the sample and to obtain similar and reproducible
spectra, drying of the sample on the ATR plate was followed by
monitoring the OH stretching band (4000-3000 cm™) in the
spectrum. A minimum of five spectra per measurement were
recorded in the range of 4000-800 cm™" at RT. Three samples
taken from each cell type were measured so that the measure-
ments were in triplicate (3 cultures, 3 samples per culture, at
least 5 spectra per sample gives at least 15 spectra per cell
type); 128 scans were averaged for each interferogram at
4 cm™" spectral resolution. The air spectrum was recorded as
background when the ATR plate was empty.

FTIR data processing

Spectral preprocessing, principal component analysis (PCA),
difference spectra and Student’s t-tests were carried out using
software Kinetics (provided kindly by Prof. Dr Erik
Goormaghtigh from Université libre de Bruxelles, Belgium)
running under MATLAB as described previously.***

Spectral preprocessing. The FTIR spectra were recorded with
the spectrometer software program LabSolutions (Shimadzu,
Japan). Spectral preprocessing and visualization were per-
formed employing the software Kinetics as follows: atmos-
pheric water vapor contribution in the spectra was subtracted
by taking the 1562-1555 cm™" peak as the reference peak, as
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described previously.***® After the straight lines were interp-
olated between the selected interval of frequencies (3999,
3970, 3700, 2800, 2700, 1800, 1770, 1480, 1350, 1300, 1145,
1001, 950, 887 and 800 cm_l), they were subtracted from the
spectrum for baseline-correction (Rubberband method).
Afterwards, the FTIR absorbance spectra were normalized to
the equal area between 1582 and 1482 cm™' underneath the
amide II band since the amide II area is largely not dependent
on the protein secondary structure and less dependent on
small variations in the hydration level. Thus, the absorbance
scale represents rescaled absorbance values. In the text, “nor-
malized absorbance” refers to ‘area-normalized absorbance’
that has equal area underneath the amide II band for all FTIR
spectra of each type of cell.

Infrared difference spectra and Student’s t-test. At least 15
spectra (baseline corrected and normalized) collected in tripli-
cate for each cell type (grown independently) were averaged.
The average spectra of these triplicates, termed as ‘mean’ in the
current work, were used in the calculation of difference spectra.
For instance, the mean absorbance spectrum of ‘Cell 1’ was sub-
tracted from the absorbance spectrum of ‘Cell 2, represented as
follows: AA = (cell 2)-minus-(cell 1). Student’s ¢-test was employed
at every wavenumber, allowing a statistical comparison between
the spectra of each cell type. Herein, the ticker points demon-
strate the standard deviations at wavenumbers where a signifi-
cant difference occurs (with a significance a = 0.1%).

Principal component analysis (PCA). PCA is an unsupervised
method used for data reduction, particularly in the analysis of
biological samples. It represents the clustering of similar
spectra within the data sets in score plots based on the spec-
tral similarities and differences and provides the determi-
nation of spectral variables in loading plots (negative and posi-
tive loadings).** In the present study, PCA was performed for
all the spectra of each condition. It was carried out using the
fully preprocessed absorbance spectra for the combined spec-
tral range of 3100-2800 and 1800-800 cm ™.

Hierarchical classification. Fully preprocessed (baseline-cor-
rected and normalized) absorbance spectra of the prostate
CSCs, prostate cancer cells and normal prostate cells in the
combined spectral range of 3100-2800 and 1800-800 cm
were used as inputs for hierarchical cluster analysis using
Ward’s clustering algorithm and the squared Euclidian dis-
tance.”® Discriminant characteristics among different types of
cells being probed were determined with this method. Herein,
the FTIR spectra of the cells are grouped based on the spectral
similarities according to many variables. The change in var-
iance between the spectra is described by the heterogeneity
values. The higher heterogeneity values among the clusters,
calculated automatically by the Kinetics program, reflect the
higher differences among clusters.

Results and discussion

The DU145 cell lines were stained with fluorescent conjugated
primary antibodies, and prostate cancer stem cells were identi-
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fied by the CD133 and CD44 surface markers by using the fluo-
rescence activated cell-sorting method (Fig. 1). Flow cytometry
analysis showed the presence of a rare CSC population (1%).

Prior to the cell sorting process, the viability of DU145 cell
lines was analyzed by using the Muse Cell Analyzer and was
found to be 99.0%. After the sorting process, we controlled the
viability of two kinds of cell populations, which were collected
and found to be 97% for CD133"/CD44" cancer stem cells,
97.1% for non-cancer stem cells. After 1-hour resuspension in
NaCl solution, the viability was analyzed again and found to
be 94.2% for CD133"/CD44" cancer stem cells and 95.1% for
non-cancer stem cells. The viability of RWPE-1 cell lines was
controlled after the cells were detached and found to be
99.1%, and after 1-hour resuspension in NaCl, the viability
was found as 91.1% (Fig. 2).

Fig. 3 displays the phase-contrast microscopy and light
microscopy images of the CD133'/CD44" prostate cancer stem
cells (A-B), non-cancer stem cells (C-D) and RWPE-1 prostate
epithelial cells (E-F), respectively. Cells were seeded onto cover
glasses for staining protocol. The nucleus/cytoplasm ratio
(N:C) is important to detect the maturity of cells. Maturation
reduces the N: C ratio. Embryonic and pluripotent stem cells
have a higher N:C ratio as compared to other cells. In
addition, cancer stem cells have a higher nucleus/cytoplasm
ratio than the normal cells. Herein, CD133"/CD44" cancer
stem cells have a higher N: C ratio (Fig. 3B) than both non-
cancer stem cells (Fig. 3D) and RWPE-1 cells (Fig. 3F).

FTIR spectral features of prostate CSCs, non-CSCs and normal
prostate cells

Fig. 4 displays the mean absorbance spectra of prostate cancer
stem cells (CSCs), prostate cancer cells (non-CSCs) and normal
prostate cells recorded in the mid-IR spectral region of
4000-800 cm ™. Molecular vibrations of major cellular macro-
molecules exhibit characteristic absorption bands in this
region. Precisely, the spectral region of 3000-2800 cm ™" domi-
nated by lipids originates from the stretching vibrations of the
CH groups. The amide I (1700-1600 cm™') and amide II
(1600-1500 cm™") bands arise mainly from protein secondary
structures. The spectral region below 1250 cm™" is dominated
by the phosphate groups of nucleic acids and phospholipids
as well as by the COH and CC groups of carbohydrates/polysac-
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charides (for band assignments see ref. 24, 25 and 46-48). In
the present work, all spectra were normalized for the equal
area in the amide II band as described in the Material and
methods section to keep the protein concentration constant so
that the spectral variations can be compared relative to the
protein concentration.

Fig. 5 represents the lipid C-H stretching region
(3000-2800 cm ™) of probed cell lines, originating mainly from
the stretching vibrations of CH; and CH, groups in lipid acyl
chains, which can reflect the physical properties of the cell
membranes and lipid composition. Obviously, the relative
intensity of lipids is lowest in CSCs and highest in the case of
normal prostate cells, suggesting that the lipid composition is
different among CSCs, non-CSCs and normal prostate cells.
The observation of the decreased intensities for the CH, bands
implies that CSCs exhibit a lower lipid-to-protein ratio. The
band broadening and frequency shifting for the lipid CH
region provide valuable information about dynamics and
order/disorder states of the membrane lipids.*””*° In CSCs, the
band positions of both antisymmetric and symmetric modes
of the CH; and CH, groups slightly broaden (data not shown)
and slightly shift towards higher wavenumbers (Fig. 5) in com-
parison to non-CSCs, reflecting an increased disordering of
lipid acyl chains as well as membrane fluidity in CSCs. This
sequence of data strongly implies an increased level of cellular
network and thus the metastatic behavior of CSCs. In line with
our results, the involvement of CSCs in metastasis was
reported.’® A high level of membrane fluidity correlates well
with EMT (epithelial to mesenchymal transition), metastatic
ability and invasive potential. Researchers showed that inhi-
bition of the CerS6 (ceramide synthase isoform 6) expression
decreases the metastatic potential.”® Also, a recent study
reported that breast cancer metastatic capacity can be sup-
pressed by reducing the membrane fluidity.>® Thus, targeting
the cancer stem cell membrane fluidity with developing
specific molecules is a highly promising therapeutic approach.

Infrared difference spectra and Student’s ¢-test

Fig. 6A displays the FTIR-difference spectra obtained from the
mean absorbance spectra shown in Fig. 4. Thicker lines
demonstrate the significant differences in absorbance calcu-
lated by the Student’s #test (a@ = 0.1%). Herein, each difference
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Fig. 1 Isolation charts of CD133%/CD44" cancer stem cells enriched from the DU-145 cell lines. The P6 population presents the CD133*/CD44*

cancer stem cells. SSC, side scatter; FSC, forward scatter.
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Fig. 2 The viability of cells. Before the cell sorting process, the viability of the DU145 cell line was 99.0% (A). After the sorting process, the viabilities
of the CD133%/CD44* cancer stem cells were 97% (B) and 97.1% for non-cancer stem cells (C). After 1-hour resuspension in NaCl, the viability was
94.2% for CD133*/CD44* cancer stem cells (D) and 95.1% for non-cancer stem cells (E). The viability of the RWPE-1 cell line was 99.1% after the

cells were detached (F) and 91.1% after 1-hour resuspension in NaCl (G).

spectrum is sensitive to subtle variations in the band intensity
and positions among the probed cell lines, indicating differ-
ences in the composition, conformation and/or concentration
of cellular macromolecules. A point-by-point description of
these difference spectra calculated for (CSCs)-minus-(non-
CSCs), (CSCs)-minus-(normal cells) and for (non-CSCs)-minus-
(normal cells) is revealed in the following.

Differences between prostate non-stem cancer cells (non-
CSCs) and normal prostate cells. In Fig. 6B, the mean absor-
bance spectrum of normal prostate cells was subtracted from
the mean absorbance spectrum of non-CSCs, depicted as
(non-CSCs)-minus-(normal cells). Herein, the positive peaks
represent a high content of the molecular groups in non-CSCs.
The positive peaks absorbing at 1686, 1631 and 1537 cm™"
were observed in the amide I and II regions attributed to the

2142 | Analyst, 2019, 144, 2138-2149

protein p-sheet structures.*®>® This clearly indicates that non-

CSCs involve a large amount of protein structures rich in
B-sheet structures in comparison to the normal prostate cells.
Besides, the simultaneous positive peaks were detected at
around 1603-1588 and around 1390 cm™’, attributed to the
antisymmetric and symmetric stretching vibrations of the
COO~ groups, respectively.>**> Since these signals are very
broad, these peaks are presumably comprised of several COO™
groups. An increase in the peak intensities around 1603 and
1520-1500 cm™" in non-CSCs reflects an increment in the
(C-C) stretching vibrations. Significantly, broad and strong
bands at around 1217 and 1081 cm™" exist in non-CSCs due to
antisymmetric and symmetric stretching vibrations of phos-
phate groups, respectively.”>*® In particular, the IR signal of
the antisymmetric PO,” stretching band at approximately

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9an00093c

Published on 29 January 2019. Downloaded by Izmir Y uksek Teknoloji on 12/20/2022 8:25:38 AM.

Analyst

View Article Online

Paper

Fig. 3 Phase-contrast microscopy imaging and hematoxylin—eosin staining of CD133*/CD44" cancer stem cells (A-B), non-cancer stem cells
(C-D) isolated from the DU145 cell lines and RWPE-1 prostate epithelial cells (E-F) (20x magnification scale bar 50 pm, 40X magnification scale bar

100 pm).
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Fig. 4 The FTIR mean absorbance spectra for prostate cancer stem
cells (CSCs), prostate cancer cells (non-CSCs) and normal prostate cells
(RWPE-1 prostate epithelial cells). The FTIR mean spectra with standard
deviations represent the spectral regions of 3100-2800 cm™ and
1800-800 cm™. The values for the absorbance scale are in absorbance
units (a.u). All spectra were rescaled by normalizing the absorbance
spectra based on the amide Il band area; thus, the absorbance scale rep-
resents rescaled absorbance values.
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Fig. 5 The mean FTIR absorbance spectra of prostate CSCs (dash line),

non-CSCs (dash-dotted line) and normal prostate cells (solid line) repre-
senting the lipid CH stretching region.
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1217 ecm™ is attributed to the Z-helical forms of DNA as a

marker for nucleic acid backbone conformation.”” These IR
signals of phosphodiester vibrations cannot arise from the
phospholipids since lipid CH peaks at 3000-2800 cm ™" as well
as lipid ester C=0 peaks at 1745 cm™" have negative values in
non-CSCs. This strongly shows that the lipid level is signifi-
cantly lower but nucleic acids are abundant in non-CSCs when
compared to the normal prostate cells. This result was also
proved by observation of the positive peaks at 1124 cm™" (RNA
ribose), 993 em™" (uracil ring) and at 967 cm™" (phosphodie-
ster vibrations of DNA and RNA) as well as at 1613 and
1707 em™" (C=0 base pair vibrations) (for band assignments
see ref. 24, 56 and 58). This suggests that non-CSCs involve
high levels of both RNA (less high) and DNA. In fact, IR signals
of nucleic acid bases are very weak with respect to protein
signals. However, as seen in Fig. 6B, the phosphodiester
vibrations are uncommonly high in comparison to protein
amide I and II bands. Thus, the positive peaks due to
vibrations of the nucleic acid bases were also detected between
1715 and 1500 cm™". The observation of multiple negative and
positive peaks below 1000 cm™" indicates the presence of
strong differences in the N-type sugar conformations of the
nucleic acid backbone®®>” between the normal prostate cells
and non-CSCs. This altogether indicates that the contents of
nucleic acids (both DNA and RNA) increase and DNA mole-
cules undergo alterations in their backbone conformation in
the case of non-CSCs when compared to the normal prostate
cells. Additionally, strong and broad positive peaks were
detected between 1150 and 1000 cm™* in non-CSCs, which can
arise from the C-O, C-OH and C-C vibrations of carbo-
hydrates/polysaccharides.””*® In this range, differences in the
band intensities at around 1144, 1097 and at 1047 cm™" reflect
alterations in both the content of carbohydrate derivatives and
glycosidic bonds in non-CSCs.

Based on the IR-difference spectrum, non-stem cancer cells
harbor a high content of proteins involving p-sheet structures,
an increased amount of both DNA and RNA (less high) in con-
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Fig. 6 The FTIR-difference spectra and Student's t-test. (A) The difference spectra between the mean spectra of prostate cancer stem cells (CSCs),
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area underneath the amide Il band. A Student’s t-test was computed at every wavenumber with a significance level of a = 0.1%. Thicker black lines

indicate statistically significant differences between the means. (B, C, D)
1800-800 cm™.,

junction with altered DNA conformation and a high level of
carbohydrates/polysaccharides, but have a low content of lipid
structures in comparison to the normal prostate cells.
Differences between prostate cancer stem cells (CSCs) and
normal prostate cells. The difference spectrum of (CSCs)-
minus-(normal cells) was calculated by subtraction of the mean
absorbance spectrum of normal prostate cells from the mean
absorbance spectrum of CSCs (Fig. 6C). CSCs have a dramati-
cally low content of lipid molecules, deduced from the nega-
tive absorbance values between 3000-2800 cm™" (CH, and CH;
groups of lipid acyl chains) (Fig. 6A) and at 1715-1750 cm ™
(C=0 groups of lipid esters), while the amide I and II bands
were intensified (Fig. 6C). This indicates that a lower lipid-to-
protein ratio was detected in CSCs. Multiple positive peaks at
1694 and 1637 cm™' (B-sheets), 1679 (turn/loop) and at
1661 cm™" (a-helix) were observed in the amide I region, indi-
cating a rise in the protein content in CSCs. The concurrent
positive peaks absorbing at 1596-1570 cm™' and
1415-1394 ecm™" due to the antisymmetric and symmetric
stretching vibrations of the COO™ groups, respectively, were
also observed, indicating an increment in the negatively
charged molecules in CSCs in comparison to normal prostate
cells. Moreover, strong positive bands were detected at around
1224, 1212, 1196 and 1086 cm™" in CSCs, due to the phospho-
diester vibrations of nucleic acids. These IR bands were
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Closer views of the difference spectra shown in (A) for the region of

accompanied by an increase in the intensities at 1122 em™

(RNA ribose), 994 em™" (uracil ring) and at 978 cm™" (phos-
phodiester vibrations of DNA and RNA). This shows that
nucleic acids (both DNA and RNA) are abundant in CSCs.
Besides, significant alterations in the N-type sugar confor-
mations of nucleic acid backbone were observed in CSCs,
deduced from the multiple negative and positive peaks below
1000 cm™'. Moreover, pronounced positive peaks were
detected between 1160 and 1000 cm ™" in CSCs due to carbo-
hydrates/polysaccharides. Differences in the band intensities
at around 1143, 1109 and 1046 cm™" reflect some changes in
both the content of carbohydrate derivatives and glycosidic
bonds in CSCs.

To sum up, in comparison to normal prostate cells, cancer
stem cells contain less lipids relative to proteins. The amount,
structure and composition of proteins are dramatically
different in CSCs, which consist of both a-helical and f-sheet
secondary structures. The high levels of both DNA and RNA,
altered DNA conformation as well as a high content of carbo-
hydrates/polysaccharides also observed in CSCs.
Macromolecules containing the COO™ groups are strongly
abundant in CSCs in comparison to the normal prostate cells.

Differences between prostate cancer stem cells (CSCs) and
prostate cancer cells (non-CSCs). The difference spectrum of
(CSCs)-minus-(non-CSCs) was calculated by subtraction of the

were
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mean absorbance spectrum of prostate cancer cells that are
not stem cells (non-CSCs) from the mean absorbance spec-
trum of prostate cancer stem cells (CSCs), and was shown in
Fig. 6A and D. Therein, the positive absorbance reflects the
high content of the molecular groups in CSCs with respect to
non-CSCs. Absorbance values of the lipid CH, and CH; groups
are slightly lower in CSCs, represented by the negative peaks at
3000-2800 cm™' (Fig. 6A). The signals in this region were
associated with the acyl chains existing mainly in lipids. This
implies that the lipid amount/composition is different
between CSCs and non-CSCs. Besides, the positive signals at
1747 (highest) and 1713 cm™" (C=O0 vibrations) are quite high
in CSCs, which might arise from amino acids and/or other
molecular groups containing the C=0O groups. The signals in
the amide I and II regions, which reflect the protein secondary
structures, intensified in CSCs. The observation of intense
peaks at 1694 cm™" (B-sheets), 1680 (turn/loop), 1647 (a-helix/
unordered) and the highest signal at 1662 cm " (o-helix)
strongly indicate an increased amount of proteins rich in
a-helices in the case of CSCs. Simultaneous positive broad
bands at 1594-1560 cm™" and 1420-1390 cm™" (COO™ groups)
were observed in CSCs, indicating an increment in the nega-
tively charged molecules (a few groups) in comparison to non-
CSCs.

Nucleic acid differences are small between CSCs and non-
CSCs, deduced from the observation of the weak positive
shoulders absorbing at 1225, 1212, 1088 cm™" and the peak at
1194 ecm™" due to the phosphodiester vibrations. These peaks
cannot be due to phospholipids since the signals of lipid acyl
chains were detected as low. However, intense spectral differ-
ences could be seen at 1123 and 995 cm™" due most likely to
the RNA ribose and uracil ring. These suggest an increase in
the content of both RNA (higher) and DNA in CSCs. Similarly,
alterations in the N-type sugar conformations of nucleic acid
backbone were also observed in CSCs, deduced from the inten-
sity differences below 1000 cm™. The C-OH vibrations of
amino acid side chains such as serine, threonine and tyrosine
involved in the phosphorylated proteins and/or other phos-
phorylated molecules can also contribute to a strong peak
around 1194 cm™" in CSCs since the band position is sensitive
to the H-bonding.>>>® The simultaneous observation of the
positive peaks at around 1594 and 1520-1500 cm™" in CSCs
reflects an increase in the (C-C) stretching vibrations, which
might arise from tyrosine and/or other molecular groups (such
as carbohydrates) containing the C-C groups.

Other observations were weak positive signals detected at
1152, 1142, 1047 and 1029 cm ™' in CSCs, assigned to carbo-
hydrates/polysaccharides. The C-O vibrations of carbohydrate
derivatives can also contribute to a strong peak around
1123 cm™" besides RNA. These intensity differences suggest a
slight alteration in both the content/composition of carbo-
hydrate derivatives and/or glycosidic bonds in CSCs when com-
pared to the non-CSCs. The C=0 and COO™ group signals are
quite high in CSCs, suggesting a high content of macro-
molecules containing the C=0O groups and COO~ groups in
CSC. Besides, the C-C, C-O and C-OH signals below

This journal is © The Royal Society of Chemistry 2019
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1200 cm™' are quite intense in the difference spectrum of
CSCs. These altogether suggest that CSCs harbor a high level
of carbohydrates/polysaccharides. The differences in the carbo-
hydrates composition between CSCs and non-CSCs are most
likely due to having negatively charged polymeric sugars of
CSCs. The simultaneous existence of the IR bands corres-
ponding to the high levels of proteins and carbohydrates/poly-
meric sugars might be due to the abundance of glycoprotein
structures in CSCs in comparison to non-CSCs in prostate
cancer cells. Differences in carbohydrate content were also
observed in several studies done by diverse research
groups.’®”® However, compositional variations in carbo-
hydrates in cells are still not clear.

Based on our FTIR data, observation of an increment in the
protein content comprising mainly of o-helical structures in
CSCs strongly suggest a higher expression of major gap junc-
tion proteins during differentiation. Similar results were also
detected in several studies.”®*® Researchers have shown that
an increase in the connexin43 expression, a gap junction
protein, is directly linked to high aggressiveness and meta-
stasis. Elevated expression of connexin43 also increased the
intravasation and extravasation as it enhanced the gap junc-
tions between the melanoma cells and the endothelial cells.
This causes a considerable increase in the metastatic poten-
tial.®" Studies revealed that there is a significant connection
between increasing gap junctions and radiotherapy resistance.
Enhancement in connexin in the glycoprotein structure and a
gap junction component is correlated with radiotherapy resis-
tance in cancer stem cells.®?

In comparison to prostate non-stem cancer cells (non-
CSCs), prostate cancer stem cells (CSCs) involve more lipid
molecules. The content and composition of protein structures
are pronouncedly different in CSCs, which are rich in the
a-helices. Furthermore, an increase in the levels of both RNA
(highest) and DNA together with an altered DNA conformation
was observed in CSCs. A pronounced difference in the content
and composition of carbohydrate derivatives and/or glycosidic
bonds between CSCs and non-CSCs was also observed. At
most, the content of RNA, proteins and negatively charged
molecules are elevated in CSCs, suggesting the increased
expression of both protein and RNA molecules accompanied
by a rise in the population of negatively charged carbohydrate
molecules. This is indicative of the abundance of glycoprotein
structures in CSCs when compared to non-CSCs.
Phosphorylated molecules may also be abundant in CSCs.

The hierarchical cluster analysis (HCA)

Fig. 7 displays the hierarchical cluster analysis (HCA) per-
formed using all individual absorbance spectra for the com-
bined spectral range of 3100-2800 and 1800-800 cm ™" to clas-
sify the FTIR spectra of prostate CSCs, non-CSCs and normal
cells. It is clear from HCA that these three types of cell lines
were successfully discriminated, based on the biochemical
variations in lipid, protein, nucleic acid and carbohydrates.
Fig. 7 plotted for the spectral range of major cellular macro-
molecules indicates that the spectra of normal prostate cells
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Fig. 7 Hierarchical classification of the individual absorbance spectra
for prostate CSCs, non-CSCs and normal prostate cells in the combined
spectral ranges of 3100-2800 and 1800-800 cm™. Classification was
based on Euclidean distances between the spectra.

and non-CSCs are clustered together as a first group while all
individual spectra of CSCs are grouped separately as a second
group, which was distinctly separated from others. Herein, a
high heterogeneity value indicates existing of significant bio-
chemical differences among each type of cell lines.

Principal component analysis (PCA)

Fig. 8 displays the PCA score plots presenting the projection of
all FTIR spectra in the PC1-PC2 space and the PCA loading
plots. PCA, an unsupervised multivariate method, was applied
to the absorbance spectra for the combined spectral regions of
3100-2800 and 1800-800 c¢cm™' to reveal the patterns and
relationships of the probed cell lines. These three types of cells
were effectively distinguished by a mean-centered PCA based
on their FTIR spectral features. A PC1 versus PC2 plot demon-
strates a strong separation of the probed cell lines (Fig. 8A).
From PC1, prostate CSCs were clearly separated from both
prostate non-CSCs and normal prostate cells for a total of
63.3% while both prostate cancer cells and cancer stem cells
were distinguished from the normal prostate cells for a total of
25.7% in PC2. The variability within the clusters observed in
the PCA score plots is not due to the sample preparation for
the FTIR analysis. In this respect, the viability states of each
cell type were analyzed after 1-hour resuspension in NaCl solu-
tion (timing for the FTIR analysis of dried cells without chemi-
cal fixation). According to the viability assessment (Fig. 2), the
viability of the cells was found above 91%, indicating that each
cell type has a high population of live cells and was not signifi-
cantly affected when incubated in the sterile physiological
NacCl solution.

The PCA loading plots represent the spectral regions associ-
ated with the separation of each clustering in the PCA score
plot. According to the PC1 loading plot (Fig. 8B), prostate
cancer stem cells have negative peaks at the lipid region
(3000-2800 ecm™) but have multiple positive values at 1660
and 1556 cm ™" (a-helical proteins) in the amide I and amide II
regions, between 1750-1700 cm ™" (C=0 groups), at 1586, 1570
and a broad band at 1408 ecm™' (COO™ groups). Besides, the
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Fig. 8 Principal component analysis. (A) The PCA score plots and (B, C)
first two PCA loading plots for all cells. Values in brackets represent the
percentage of total variance in each PC. A mean-centered PCA was per-
formed for the combined spectral regions of 3100-2800 and
1800-800 cm™.

observation of positive peaks below 1300 cm™" corresponds to
the phosphate groups and ring vibrations of nucleic acids
(both DNA and RNA) as well as C-OH and CO-O-C vibrations
of carbohydrates and polymeric sugars. These altogether
suggest that prostate CSCs are well distinguished from both
prostate non-CSCs and normal prostate cells by a high content
of a-helical proteins and the conformation of the protein struc-
tures, compositional differences in carbohydrate derivatives
and their abundance, a high amount of nucleic acids (both
DNA and RNA), a low content of lipids and by altered DNA con-
formation. The list of peaks obtained in the PC1 and PC2 load-
ings are summarized in Table 1.

On the other hand, the spectra of both prostate CSCs and
non-CSCs are separated from the normal prostate cells by the
negative correlation of the PC2 score (Fig. 8C). Both prostate
CSCs and non-CSCs have positive peaks in the lipid region
(3000-2800 cm™"), while they have negative values for the PC2
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Table 1 The IR peaks in the PC1 and PC2 loadings obtained from Fig. 8B and C, and their corresponding band assignments for functional groups.
The (+) peaks in the PC1 loading indicate upregulation of the macromolecular components in the prostate CSCs. The (-) peaks in the PC2 loading
indicate upregulation of the macromolecular components in the prostate cancer cells (non-CSCs) and prostate cancer stem cells (CSCs). The assign-
ment of the IR spectral bands is based on literature®#485354 (,, stretching; 5, bending; as, antisymmetric; s, symmetric)

(+) peaks in the PC1 loading (cm ™)

(=) peaks in the PC2 loading (cm™)

Band assignments

1748, 1727 —
1660 —
— 1632
1586, 1570 1600
1556 —
— 1538
1408 1389
1226, 1212, 1195 1217
1121, 1100 1121
1087 1080
1044 1047
994 993
981 968
929 913
871, 826 855

loading at 1632 and 1538 cm™" (B-sheet protein structures),
broad bands both at around 1600 and 1389 cm™" (antisym-
metric and symmetric stretching vibrations of COO™ groups,
respectively), at around 1217 and 1080 cm™' (v,PO,” and
vsPO,~ of phosphate groups in nucleic acids, respectively), at
1121 and 993 cm™" (RNA ribose), at 1047 cm™" (carbohydrate
derivatives), and multiple negative and positive values below
950 cm ™" (altered DNA conformation). These altogether indi-
cate that both prostate CSCs and non-CSCs are well separated
from the normal prostate cells based on variations in their cel-
lular macromolecules. Significantly, both nucleic acids and
carbohydrates are abundant in the case of prostate CSCs and
non-CSCs in comparison to normal prostate cells. The PCA
results are in accord with the observations in the difference
spectra described above (Fig. 6).

Conclusion

ATR-FTIR spectroscopy was employed as a fast, non-destructive
and cost-effective experimental technique to investigate and
characterize the subpopulation of prostate cancer cells, so-
called cancer stem cells (CSCs). FTIR spectral analysis,
together with the application of principal component analysis
and hierarchical clustering analysis, was used to monitor the
differences in the cellular macromolecules of prostate cancer
stem cells (CSCs) as compared to the prostate non-stem cancer
cells (non-CSCs) and normal prostate epithelial cells.

In the current work, the differences in the lipid structures
of the cell types could originate from plasma membrane lipids
and/or intracellular lipid drops. CSCs exhibit disordered lipid
acyl chains as well as increased membrane fluidity when com-
pared to both non-CSCs and normal cells, suggesting an
increased level of cellular network and metastasis in the case
of CSCs. The protein amount and composition are harshly
different in CSCs that harbor a high level of proteins rich in
a-helices. Similarly, the RNA level was the highest in the case
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of CSCs as compared to the other cell types. This demonstrates
an increase in the expression level of both RNA and protein
structures, implying increased transcriptional activity. Both
CSCs and non-CSCs have an altered nucleic acid conformation,
high amounts of DNA and carbohydrates. The simultaneous
increase in the levels of both proteins and carbohydrates
suggests the abundance of glycoprotein structures in CSCs and
non-CSCs when compared to the normal cells, suggesting a
change in the metabolic activity and cellular interactions.
Similarly, the macromolecules containing the C=0, COO™ and
C-C groups are abundant in both the CSCs (highest) and non-
CSCs, suggesting large differences in the content and compo-
sition of carbohydrates and/or glycosidic bonds, probably due
to the negatively charged carbohydrate derivatives. These cellu-
lar disparities on the molecular level were confirmed by PCA
and HCA, which could successfully discriminate the spectra of
CSCs from both non-CSCs and normal cells. Observed spectral
differences in PCA loadings are the result of biochemical
differences among probed cell types. These altogether suggest
the existence of significant differences in the lipidemic,
genomic, proteomic and metabolic mechanisms of prostate
CSCs (largely), non-CSCs and normal prostate cells.

FTIR spectroscopic analysis could discriminate the prostate
CSCs from both non-CSCs and normal prostate cells based on
the cellular biochemical and biophysical features. Thus, the
present work indicates the applicability of ATR-FTIR spec-
troscopy as a powerful technique to gain new insights into the
understanding of the mechanisms in CSCs, which may
provide new opportunities for anti-cancer therapy by selectively
targeting the CSCs.

Abbreviations

FTIR spectroscopy Fourier transform infrared spectroscopy
ATR Attenuated total reflection
DU-145 Human prostate cancer cell line
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RWPE-1 Human epithelial cell line

BSA Bovine serum albumin

BPE Bovine pituitary extract

CSCs Cancer stem cells

non-CSCs Non-stem cancer cells

rhEGF Recombinant human epidermal growth
factor

PCSC Prostate cancer stem cell

FACS Fluorescence-activated cell sorting

APC Allophycocyanin

PE Phycoerythrin

PBS Phosphate buffer saline

Vas Antisymmetric stretching

g Symmetric stretching

1) Bending vibrations

EMT Epithelial to mesenchymal transition

CerS6 Ceramide synthase isoform 6
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