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Nilotinib is a second generation tyrosine kinase inhibitor which is used in both first and sec-
ond line treatment of chronic myeloid leukemia (CML). In the present work, the effects of
nilotinib resistance on K562 cells were investigated at the molecular level using Fourier
transform infrared (FT-IR) spectroscopy. Human K562 CML cells were exposed to step-
wise increasing concentrations of nilotinib, and sub-clones of K562 cells resistant to 50nM
nilotinib were generated and referred to as K562/NIL-50 cells. Antiproliferative effects of
nilotinib were determined by XTT cell proliferation assay. Changes in macromolecules in
parental and resistant cells were studied by FT-IR spectroscopy. Nilotinib resistance caused
significant changes which indicated increases in the level of glycogen and membrane/lipid
order. The amount of unsaturated lipids increased in the nilotinib resistant cells indicating
lipid peroxidation. The total amount of lipids did not change significantly but the relative
proportion of cholesterol and triglycerides altered considerably. Moreover, the transcriptional
status decreased but metabolic turn-over increased as revealed by the FT-IR spectra. In
addition, changes in the proteome and structural changes in both proteins and the nucleus
were observed in the K562/NIL-50 cells. Protein secondary structural analyses revealed that
alpha helix structure and random coil structure decreased, however, anti-parallel beta sheet
structure, beta sheet structure and turns structure increased. These results indicate that the
FT-IR technique provides a method for analyzing drug resistance related structural changes
in leukemia and other cancer types.

Key words: Nilotinib; Chronic myeloid leukemia (CML); Tyrosine kinase inhibitor resistance;
Fourier transform infrared spectroscopy (FT-IR).

Introduction

Nilotinib is one of the most common second generation tyrosine kinase inhibi-
tors used in the treatment of chronic myeloid leukemia (CML) (1). CML results
from a reciprocal translocation between the long arms of chromosomes 9 and 22.
This exchange generates a BCR-ABL fusion gene that encodes an oncoprotein
having constitutive tyrosine kinase activity. The oncoprotein activates signal
transduction pathways, leading to uncontrolled cell growth and reduced apoptosis
(2). Nilotinib not only inhibits the kinase activity of the BCR-ABL protein, but
also inhibits c-KIT and platelet-derived growth factor (PDGFR) (3). Nilotinib is
a very effective drug in the treatment of imatinib (the first generated and applied
tyrosine kinase inhibitor for CML) resistant and intolerant patients (4). However,

Abbreviations: CML: Chronic Myeloid Leukemia; FT-IR: Fourier Transform Infrared; K562/
NIL-50: K562 Cells Resistant to 50nM Nilotinib; PDGFR: Platelet-derived Growth Factor Receptor;
PBS: Phosphate Buffered Saline.
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resistance to nilotinib was recently observed in CML (5, 6).
Such resistance remains a significant impediment to success-
ful tyrosine kinase inhibitor therapy in CML treatment.

Fourier transform infrared spectroscopy is a rapid, sensi-
tive and nondestructive method which is widely used in the
analysis of biological systems in any physical state, and can
be used to monitor molecular changes (7, 8). The method
requires only minute amounts of sample and allows analy-
sis of the data with many different digital manipulations. It
is a valuable analytical technique for simultaneous detection
of changes in cellular components such as lipids, proteins,
carbohydrates and nucleic acids at the level of functional
groups. The technique qualitatively and quantitatively evalu-
ates shifts in peak positions, changes in bandwidths and band
intensities to obtain structural and functional information
about the systems analyzed. In addition, FTIR spectroscopy
provides information about the amount and chemical and
physical nature of the groups in close vicinity (7-9).

An FT-IR spectrum is a molecular fingerprint of the studied
tissue or cells, therefore the technique can be used to follow
the effects of biological differentiation processes. Disease pro-
cesses are examples of such differentiation processes during
which significant metabolic changes occur in the cell. These
metabolic changes result in alterations in carbohydrate, lipid
and protein profiles, hence changes in the macromolecular
composition of the cells of interest. In addition to its use in the
chemical and food industries, FT-IR technique has been devel-
oped to be a valuable diagnostic tool to analyze and detect
various disease conditions including cancer (10, 11).

In this study, we developed nilotinib resistant sublines of
BCR-ABL positive K562 CML cells and examined the possi-
ble roles of macromolecules in nilotinib resistance by Fourier
Transform Infrared Spectroscopy (FT-IR). For this purpose,
nilotinib resistant K562 cells were generated. Although
resistance-dependent macromolecular changes in K562 cells
against different anti-cancer drugs have been investigated
using FT-IR technique (12, 13), this is the first biochemical
variations between sensitive and K562/NIL-50 cells were
compared.

Materials and Methods
Cell Lines and Culture Conditions

K562 CML parental cells were obtained from the German
Collection of Microorganisms and Cell Cultures (Germany).
The cells were cultured in RPMI-1640 growth medium
(Biological Industries, Israel) containing 15% fetal bovine
serum (Biological Industries, Israel) and 1% penicillin-strep-
tomycin (Biological Industries, Israel) at 37 °C in 5% CO,.
The medium was refreshed every 3 days. The cell suspension
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was taken from tissue culture flasks into a sterile falcon
tube and was centrifuged for 10 minutes at 1000rpm. The
supernatant was removed and the pellet washed with
2 milliliters of phosphate buffered saline (PBS). The cells
were recentrifuged at 1000rpm for 10 minutes. The cells
were resuspended in 15 milliliters of RPMI-1640 medium
and transferred into sterile culture flasks.

Generation of Nilotinib Resistant K562 Cells

K562 CML cells were exposed to step-wise increasing con-
centrations of nilotinib, kindly provided by Novartis, starting
with a concentration of 1 nM. Sub-clones of K562 cells that
were able to survive and grow in the presence of 50nM nilo-
tinib were generated and referred to as K562/NIL-50 cells.

Measurement of Cell Proliferation by XTT Assay

The IC50 value of nilotinib in K562 and K562/NIL-50 cells
were determined for both parental and resistant cells as pre-
viously described (14). Before doing all the experiments, we
conducted trypan blue dye exclusion assay in order to make
it sure that all the cells were alive. In XTT assay, 2 X 10*
cells/well were seeded into 96-well plates containing 200 pl
of the growth medium with increasing concentrations of
nilotinib and incubated at 37 °C in 5% CO,. Following an
incubation period of 72 hours, the cells were exposed to
50ul XTT reagent (Biological Industries, Israel) for 4 hours.
Finally, readings were carried out at 492 nm in an Elisa reader
(Thermo Electron Corporation Multiskan Spectrum, Finland)
and the IC50 value of nilotinib was calculated from the cell
proliferation plots.

Sample Preparation for FT-IR Spectroscopy

We used 5 X 10° cells grown in 15 ml RPMI-1640 medium.
The cells were collected, dissolved in sterile distilled water
and lyophilized in a freeze drier (Labconco, FreeZone 18 liter
freeze dry system) overnight to remove water. The cell pow-
der was mixed with dried potassium bromide (KBr) (Sigma-
Aldrich, USA) in a mortar (at a ratio of 1:100). The mixture
was then pressurized to 100kg/cm? (1200 psi) for 5 minutes.
All the cell growth, cell collection and FT-IR experiments
for the sensitive and nilotinib resistant K562 cells were per-
formed on the same day.

FTIR Spectrum Accumulation and Data Processing

The spectral analysis was carried out using a Perkin-Elmer
spectrometer equipped with MIR TGS detector (Spec-
trum 100 Instrument, Perkin Elmer Inc., Norwalk, CT,
USA). FTIR spectra of the samples were recorded between
4000 and 450 cm™!. Interferograms were averaged for 20
scans at 4cm™! resolution. The background spectrum was

Technology in Cancer Research & Treatment, Volume 11, Number 4, August 2012



Macromolecular Changes in Nilotinib Resistant K562 Cells

automatically subtracted from the spectra of the samples.
Spectrum 100 software (Perkin Elmer) was used for all
data manipulations.

From each sample, at least three different scans, which gave
identical spectra, were performed. These replicates (n = 10
for the sensitive; n = 5 for the resistant cells) were averaged
and the averaged spectra for each sample were then used for
further data manipulation and statistical analysis. The spec-
tra were smoothed over 19 points using the Savitsky-Golay
algorithm. Then, the spectra were interactively baselined
from two arbitrarily selected points. Finally, the spectra were
normalized in specific regions for visual comparison of the
nilotinib sensitive and resistant samples.

For the determination of protein secondary structural changes
the second derivative spectra were obtained by applying a
Savitzky-Golay algorithm with five points. The second deriva-
tives were normalized between 1700 and 1600cm™! and the
peak intensities were calculated. The peak minima of the second
derivative signals were considered because they correspond to
the peak maxima of the original absorption spectra (15).

Statistical Analysis: The differences between the nilotinib-
sensitive and resistant groups were compared using the
Mann-Whitney U Test with the Matlab R2010b program.
The statistical results are expressed as means * standard
deviation. p < 0.05 was considered statistically significant.

Results

Antiproliferative Effects of Nilotinib on K562 and
K562/NIL-50 Cells

In order to determine the resistancy of K562/NIL-50 cells
to nilotinib, K562 and K562/NIL-50 cells were exposed to
increasing concentrations of nilotinib for 72 hours. The IC50
value of nilotinib was calculated to be 42- and 385nM for
K562 (Figure 1A) and K562/NIL-50 cells (Figure 1B). The
results revealed that K562/NIL-50 cells were at least 9-fold
more resistant to nilotinib when compared to its parental sen-
sitive counterparts.

FT-IR Studies

Since the FTIR spectroscopy technique provides useful infor-
mation about the structure and function of the macromolecu-
lar constituents of biological systems at the molecular level
(7-9), the technique was used in the analysis of the effects of
nilotinib resistance on K562 cells in our studies.

Figure 2 shows the average FTIR spectra of control K562
cells in the 3700-950cm™! spectral region. Assignments of
the major bands in Figure 2 are presented in Table I. Because
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Figure 1:  Effects of nilotinib on growth of (A) K562 and (B) K562/NIL-50

cells. Cytotoxicity was determined by the XTT cell proliferation testin a 72 h
culture. The IC50 concentration of Nilotinib was calculated from cell prolif-
eration plots. The XTT assays were performed using triplicate samples in at
least three independent experiments. The error bars represent the standard
deviations (p < 0.05).

the FTIR spectrum of cancer cells is quite complex and con-
sists of several bands originating from the contribution of dif-
ferent functional groups belonging to biomolecules, such as
lipids, proteins and nucleic acids, the spectra were analyzed
for the following regions: 2840-3700cm ™! for the analysis of
proteins and lipids, and 1480-1800cm™! for the analysis of
proteins and lipids, 940-1480cm ™! for the analysis of the fin-
gerprint region. All the spectra presented in the figures were

Absorbance (Arbitrary)

3700 3200 2800 2400 2000 1800 1600 1400 1200 949

Wavenumber (cm-1)

Figure 2: The general FT-IR spectrum of K562 cells in 3700-930 cm™!
region.
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Table I

The general FTIR band assignments of K562 cells.

Band number Wave numbers (cm™ ")

Definition of the spectral assignment

Amide A: Mainly N-H stretching of proteins with the little
contribution from O-H stretching of polysaccharides
and intermolecular bonding.

Amide B: C-N and N-H stretching of proteins.

Olefinic =CH stretching vibration: unsaturated lipids,
cholesteryl esters.

CH; asymmetric stretching: lipids, protein side chains, with some
contribution from carbohydrates and nucleic acids.

CH, asymmetric stretching: mainly lipids, and the little
contribution from proteins, carbohydrates and nucleic acids.

CHj; symmetric stretching: protein side chains, lipids, with some
contribution from carbohydrates and nucleic acids.

CH, symmetric stretching: mainly lipids, with the little
contribution from proteins, nucleic acids and carbohydrates.

Ester C=0 stretching: triglycerides and cholesterol esters.

Amide I: proteins, mainly C=0 stretch.

Amide II: proteins, mainly N-H bend and C-N stretch.

CH, bending: mainly lipids, with the little contribution from
proteins, CH; asymmetric bending methyl groups of proteins.

COO™ symmetric stretching: mainly lipids with the little
contribution from proteins; CH; symmetric bending: methyl
groups of proteins.

PO, asymmetric stretching, fully hydrogen bonded: mainly
nucleic acids with the little contribution from phospholipids.

PO, symmetric stretching: nucleic acids and phospholipids;
C-O stretch glycogen.

1 3299
2 3063
3 3015
4 2959
5 2925
6 2872
7 2854
8 1743
9 1657
10 1545
11 1452
12 1399
13 1239
14 1086
15 970

C-N*-C stretching: nucleic acids.

normalized with respect to specific selected bands and are used
only for illustrative purposes. However, in the measurement
of the spectral parameters, each original baseline-corrected
spectrum belonging to the corresponding nilotinib-sensitive
and resistant groups was considered separately.

2840-3700 cm™! Region

Figure 3 shows the average FTIR spectra of the sensitive and
K562/NIL-50 cells in the 2840-3700cm™! spectral region.
The FTIR spectrum in this region consists of Amide A band
which has contributions from mainly the N-H stretching of
proteins with a small contribution from the O-H stretching of
polysaccharides and intermolecular H bonding (16); Amide
B band which has contributions from C-N and N-H stretch-
ing of proteins; the olefinic =CH stretching vibration band
located at 3010cm™!, which has contributions from choles-
terol esters, the CH; asymmetric stretching band located at
2959cm™!, which has contributions from both lipids and
proteins (8); the CH, asymmetric stretching band located at
2925 cm~! which is mainly due to lipids (18); the CH; sym-
metric stretching band located at 2872cm™! which mainly
monitors protein side chains with some contribution from
lipids, carbohydrates and nucleic acids; and CH, symmetric
stretching band located at 2854 cm™! which monitors mainly

lipids, with small contributions from proteins, nucleic acids
and carbohydrates (17, 18).

As seen from Figure 3, nilotinib resistance induced remark-
able changes in the bandwidth, intensity and frequency value
of the FT-IR bands in this region. Comparisons of the band
intensities of some infrared bands of nilotinib sensitive and
resistant K562 cells are shown in Figure 4. In addition the

Absorbance (Arbitrary)

3600 3400 3200 3000 2836
‘Wavenumber (cm-1)

Figure 3: The FT-IR spectra of nilotinib sensitive (solid line) and resistant
(dotted line) cells in the 3666-2836 cm ™' region (the spectra were normalized
with respect to CH, asymmetric mode, which is observed at 2925 cm™).
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Figure 4: The intensity-ratio values of the bands for nilotinib sensitive and resistant K562 cells. The values are the mean +/— standard deviation for each

group.

intensity ratios are given in Table II. As can be seen from
Figure 3 there was a significant reduction in the intensity of
amide A and amide B bands, which are located at 3299 cm™!
and 3063 cm™~! respectively, which contains strong absorp-
tions arising mainly from N-H stretching mode of proteins
with the contribution of the O-H stretching mode of polysac-
charides (16, 18-22) and intermolecular H bonding (23) of
K562 cells. When normalized with the intensity of the Amide
I band, the same reduction was observed for nilotinib resis-
tant cells as seen in Figure 4. The intensity ratio of Amide
A and Amide I decrease by 5.21% in K562/NIL-50 cells
(p = 0.0553). In addition, the frequency of the Amid A band
shifted from 3299.97 +/— 0.311 to 3298.34 +/— 1.765cm™!
in K562/NIL-50 cells (p = 0.0013). However, the frequency
of the Amide B band shifted from 3063.51 +/— 0.56 to
3064.38 +/— 2.98 cm™! in nilotinib resistant K562 cells.

The region between 3020cm™! and 2833 c¢cm™! is populated
by absorptions arising from C-H stretching vibrations of
aliphatic compounds. The changes in the intensity of the
band at 3015cm™!, which are due to the CH stretching mode
of HC=CH groups, reflect the level of unsaturation in the

acyl chains (24). For the nilotinib sensitive cells the unsatu-
ration level of lipids based on the CH=CH/CH, ratio (25)
was found to be 0.00517 +/— 0.000595 and for the nilo-
tinib resistant cells the ratio was 0.01416 +/— 0.000344
(p < 0.0001). As seen in Figure 5 the intensity of the band at
3015cm ™! increased for the K562/NIL-50 cells. When nor-
malized to the band at 2925cm™!, the intensity of the CH,
asymmetric band at 2959cm™! and CH,; symmetric stretch
band at 2872 cm ™! decreased for K562/NIL-50 cells, whereas
the intensity of the CH, symmetric stretch band at 2854 cm™!
increased for K562/NIL-50 cells. In Figure 4 the intensity
ratio of 2874cm™! and 2852cm™! decreased by 3.53% in
K562/NIL-50 cells (p < 0.001). The frequency of the CH;
asymmetric stretch band around 2958 cm™! band shifted from
2959.1 +/— 0.065 to 2958.58 +/— 0.092cm™! in K562/
NIL-50 cells (p < 0.001).

1480-1800 cm™! Region
Figure 6 shows the average FTIR spectra of the sensitive and

K562/NIL-50 cells in the 1800-1480cm™! spectral region.
The FTIR spectrum in this region represents the well-known

Table IT
The results of the changes in the intensity ratios of main bands for the nilotinib sensitive and resistant

K562 cells.

Band intensity ratio

Functional groups

Nilotinib sensitive

Amid A/Amid T
2874 cm™'/2852 cm™!
1030 cm~'/1080 cm ™!

1030 cm™'/2926 cm™!

1080 cm™!/Amid IT
1121 cm™/1020 cm™!
1121 cm™'/Amid IT
Amid I/Amid II

0.57669 +/— 0.01076
0.9248 +/— 0.0026
0.3542 +/— 0.0226
0.2326 +/— 0.01358

0.45021 +/— 0.0049
2.6142 +/— 0.0995

0.30317 +/— 0.0064
1.3644 +/— 0.00915

Nilotinib resistant p value
0.54805 +/— 0.0299 p <0.01
0.892214 +/— 0.0055 p < 0.005
0.42851 +/— 0.00307 p < 0.005
0.2727 +/— 0.00266 p < 0.005
0.4642 +/— 0.00389 p < 0.005
2.0884 +/— 0.03645 p < 0.005
0.31589 +/— 0.00632 p <001
1.3956 +/— 0.02518 p <0.05

Technology in Cancer Research & Treatment, Volume 11, Number 4, August 2012
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Figure 5: The FT-IR spectra of nilotinib sensitive (solid line) and resistant

(dotted line) cells in the 3020-2836 cm ™! region (the spectra were normalized
with respect to CH, asymmetric mode, which is observed at 2925 cm™).

amide I and amide II bands which have contributions from
different protein secondary structural elements and the band
centered at 1743 cm™! which is mainly assigned to the C=0
ester stretching vibration of triglycerides and cholesterol
esters (7, 26, 27). As seen in Figure 6, the intensity and fre-
quency of the C=0 ester stretching vibration changed sig-
nificantly. The bands at 1657 cm~!and 1545 cm™!are amide |
and amide II bands of proteins. Amide I and Amide II bands
are known to be sensitive to protein conformation (7) and are
used to determine the secondary structure content of proteins.
Changes in the shapes of these two bands indicated changes
in the proteomes of the nilotinib resistant cells. In Figure 4 the
ratio of the intensities of Amide I/Amide II bands increased
(16.95%) for K562/NIL-50 cells (p = 0.0193). The struc-
tural changes in proteins were evaluated from the intensities
of the sub-bands in Amide I secondary derivative spectra as
seen in Figure 7. The assignments of the secondary structural
components are given in Table III. The intensity values of
the band are presented in Table IV. The results revealed that
the alpha helical structure (located at 1653 cm™!) decreased

Absorbance (Arbitrary)

1450 1700 1660 1600 1550 1500

Wavenumber (cm™)

Figure 6: The FT-IR spectra of nilotinib sensitive (solid line) and resistant
(dotted line) cells in the 1800-1480 cm™! region (the spectra were normal-
ized with respect to amide I band, which is observed at 1657 cm™").

Ceylan et al.

7

)

dA

1700 1690 1680 1670 1660 1650 1640 1630 1620 1610 1600

Wavenumber (cm™)

Figure 7: The average second derivative spectra of nilotinib sensitive
(solid line) and resistant (dotted line) K562 cells in 1700-1600 cm ™! region.

slightly in the nilotinib resistant cells (p < 0.05). Similarly,
random coil structure (located at 1648 cm™!) decreased sig-
nificantly in the nilotinib resistant cells (p < 0.001). How-
ever the turns (located at 1674cm™"), the antiparallel beta
sheet structure (located at 1694 cm™!) increased significantly
(p < 0.001). The beta sheet structure (located at 1637 cm™")
also increased.

940-1480 cm™" (Fingerprint) Region

Figures 8A and 8B show the average FTIR spectra of the nilo-
tinib sensitive and resistant K562 cells in the 940-1480cm™!
spectral region. The bands in this spectral region have contri-
butions from proteins, lipids, nucleic acids and carbohydrates.
The band at 1452cm™!is attributed to CH, bending vibra-
tion of lipids (28, 29). The band at 1399 cm™!is attributed to
COO™ symmetric stretch of mainly lipids with a small contri-
bution from proteins (29). The bands at 1239 and 1086cm™!
are attributed to PO,™ asymmetric and symmetric stretch of
nucleic acids (30, 31). The band at 1155cm™" is attributed
to C-O stretching of glycogen (32). A notable increase in
the intensity of this band was observed in the K562/NIL-50
cells as seen in Figure 7B. The band at 970 cm™! is assigned
to C-N+-C stretch of nucleic acids (33). In the analysis of
the band in this region the intensity ratio of the 1030cm™!
and 1080cm™! bands increased by 21% in K562/NIL-50
cells (p < 0.001) as seen in Figure 4. Similarly, in the same
figure the intensity ratio of 1030cm™! and 2926 cm™! bands
increased by 17.24% (p < 0.001); 1080cm~! and Amide II
bands increased by 2.78% (p < 0.001) and 1121cm™! and
Amide II bands increased by 5.18% (p = 0.008) in K562/
NIL-50 cells. However, a considerable decrease (20.11%) in
the intensity ratio of the 1121 cm™! and 1020cm™! bands was
observed in K562/NIL-50 cells (p < 0.001) as seen in Figure 4.
In addition, the frequency of the band around 1453cm™!

Technology in Cancer Research & Treatment, Volume 11, Number 4, August 2012
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Table IIT

The assignments of secondary structure sub-bands under Amide I band in 1700-1600cm™

region for nilotinib sensitive and resistant K562 cells (15).

Peak number Mean frequencies (cm™") Assignment

1 1694 Anti-parallel beta sheet
2 1674 Turns

3 1653 Alpha helix

4 1648 Random Coil

5 1638 Beta sheet

shifted from 1452.66 +/— 0.236 to 1453.95 +/— 0.705cm™!
in K562/NIL-50 cells as seen in Figure 7A (p < 0.001). How-
ever, in Figure 8B the frequency of the band around 1085 cm ™!
band shifted from 1086.28 +/— 0.081 to 1085.35 +/—
0.042cm™! in K562/NIL-50 cells (p < 0.001).

Discussion

Targeting the tyrosine kinase activity of BCR-ABL is a
common and attractive therapeutic strategy for the treatment
of chronic myeloid leukemia. Nilotinib is a very effective
tyrosine kinase inhibitor which gives positive results in
both first and second line treatment of CML patients.
Unfortunately, CML cells can somehow escape from the
cytotoxic effects of nilotinib and gain resistance to nilotinib.
This problem is the major obstacle for the successful
treatment of CML. The molecular mechanisms of multidrug
resistance in CML were shown by our group and other
researchers (34, 35). However, changes in macromolecular
levels in nilotinib resistant CML cells and the roles of these
differences on nilotinib resistance were not examined and
discussed in the literature. In this study, we investigate the
changes in macromolecular structures between sensitive and
nilotinib resistant CML cells by using Fourier Transform
Infrared Spectroscopy and discuss possible outcomes.
Overall, the study indicated that nilotinib resistance induces
changes in the molecular structure of K562/NIL-50 cells as
evidenced by changes in the intensity and frequency of the
FTIR spectra.

In this study, water was removed from the samples in the
sample preparation steps using lyophilization procedures.

Although it was reported that dehydration can change the
absorption characteristics of cells significantly, the studies
were acceptable as long as the cells were always dried (36).
In addition when the comparison of drug resistance states is
investigated dried systems can provide comparative spec-
tral data especially when the hydration levels of the both
states are the same. In this study since water was essentially
removed from the samples, water’s contribution to Amid A,
Amid B, Amid I and Amid II bands was negligible. For this
reason, the 3299cm™! band can be considered to be due
to only proteins and polysaccharides. The reduction in the
intensity ratios of Amid A to Amid I in the nilotinib resistant
cells cannot be due to the reduced contribution of glycogen
since a significant increase was observed in the intensity of
the 1155cm ™! band which is mainly assigned to the C-O
stretching vibrations in glycogen (32). Therefore, the reduc-
tion in the intensity of these two bands could be ascribed to a
reduced contribution of polysaccharides in the resistant cells.
Cancer cells are known to consume more carbohydrate due
to their increased energy expenditure which is known as the
Warburg Effect (37). In a similar way, MDR resistance is
hypothesized to require more energy for the additional tasks
of elimination of toxic compounds and drugs. In addition the
conditions of hypoxia are induced in MDR in some cancer
cell types (38, 39) and glycogen accumulation is known to
occur in hypoxia (40).

As seen in Figure 5, the intensity of the band at 3015c¢m™!
which is due to CH stretching of olefinic HC=CH stretching
vibrations indicates that the population of unsaturated lipids
increased in the resistant cells. The increase in the intensity
of this band indicates a change in phospholipid metabolism.

Table IV
The results of the changes in the intensities of main protein secondary structures for nilotinib sensitive and resistant K562 cells.

Functional groups Sensitive Resistant p values
Alpha helical structure (located at 1653 cm™") —0.90262 +/— 0.0678 —0.8639 +/— 0.02019 p <0.05
Turns (located at 1674 cm™") —0.5834 +/— 0.0273 —0.6988 +/— 0.0259 p <0.001
A{‘glgaaﬂf})bem sheet structure (located at ~0.6665 +/— 0.0130 ~0.9566 +/— 0.05984 p < 0.001
Random coil structure (located at 1648 cm™') —0.9948 +/— 0.0102 —0.7486 +/— 0.0448 p < 0.001
Beta sheet structure (located at 1637 cm™") —0.8757 +/=0.0195 —0.92146 +/— 0.0823 p>0.05

Technology in Cancer Research & Treatment, Volume 11, Number 4, August 2012
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Absorbance (Arbitrary)

1475 1470 1465 1460 1455 1450 1445 1440 1435

Wavenumber (cm™)

Absorbance (Arbitrary)

1300 1250 1200 1150 1100 1050 1000 942

Wavenumber (cm™)

Figure 8: The FT-IR spectra of nilotinib sensitive (solid line) and resistant
(dotted line) cells (A) in the 1480-1430 cm™' region (the spectra were nor-
malized with respect to CH, bending mode, which is observed at 1452 cm™!),
(B) in the 1350-930 cm™! region (the spectra were normalized with respect
to PO,™ symmetric stretching mode, which is observed at 1086 cm™").

In addition the increase in the olefinic band may be due to
the accumulation of end products of lipid peroxidation (41).
The unsaturation level for the resistant cells was found to be
2.7389 times more that that of the nilotinib sensitive cells.
This conclusion is supported by the results obtained from the
bands around 1743 cm™!. The change in shape and frequency
of the band around 1743 cm™' indicated the changes in the
ratio of triglycerides and cholesterol esters and their satura-
tion states. In Figure 6 it is seen that in K562/NIL-50 cells,
the maximum of the band shifts to higher frequency values
and the intensity also increases at around 1745cm™".

In Figure 4 a decreased CH; asymmetric stretching vibra-
tion absorption intensity was observed in the resistant cells
indicating a change in the composition of the acyl chains in
lipids (24). In addition, the frequency of the CH; asymmetric
stretch band shifted from 2959.1 to 2958.58cm™! in K562/
NIL-50 cells. Since, the CH; asymmetric stretching mode
is correlated with the order of the deep interior of the
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membrane, adecrease in the frequency corresponds to decreas-
ing freedom of the acyl chain in the center of the bilayer
(19). Therefore this result indicates that the order in the lipid
membrane interior is increased in the resistant cells. In gen-
eral plasma membrane order was found to be at a higher level
when compared with drug sensitive counterparts (42). The
drug resistant cells are known to have more ordered lipid
domains (43). This may be due to the change in the fatty acid
composition of the plasma membrane. In general the transport
of anti-cancer drugs is carried out by special protein pumps
located in the cell membranes. However since many of these
drugs are hydrophobic in nature the order may influence the
direct transport of these drugs from cell membrane. There-
fore it is difficult to correlate the membrane order and drug
resistance in a one-to-one relationship. In addition to changes
in the CH; asymmetric stretching mode, the intensity of the
CH, symmetric stretching band increased in the resistant
cells indicating an increasing proportion of the CH, groups
in the resistant cells. Similarly, the frequency of the bending
vibration at 1452 cm™! shifted from 1452.66 to 1453.95cm™!
in K562/NIL-50 cells indicating changes in the lateral pack-
ing property of the methylene groups in the membrane
lipids (44). A precise protein-to-lipid ratio can be derived
by calculating the area ratio of the CH; symmetric stretch-
ing (2874cm™!) to the CH, symmetric stretching vibration
(2852 cm™!) from the FT-IR spectra (7). The intensity ratio of
2874 cm™! and 2852 cm™! was found to decrease by 3.53% in
K562/NIL-50 cells. These results indicate a small increase in
the lipid content of the cellular material for constant protein
content or vice versa. There have been contrasting reports of
the change in the amount of lipids in drug resistant cells (45,
46). In the study (12) the development of MDR in K562 cells
for both daunorubicin and doxorubicin a decrease in both lipid
and nucleic acid conponents with an increase in the protein
content was observed. However our study clearly indicates
an increase in the lipid/protein ratio indication a lipidation in
the resistant cell lines. The contrasting results of these studies
indicate that the metabolic consequences of the resistance dif-
fers significantly with different drugs used.

There were changes in the shapes of the Amide I and II
bands as seen in Figure 6. Since Amide I band frequency
and shape is sensitive to protein conformation, this shifting
and shape changes are attributed to the changes in protein
conformation (47). The intensity ratio of Amide I/Amide II
is another measure of protein conformational changes. This
ratio was found to increase 16.95% for K562/NIL-50 cells
indicating protein secondary structural changes. In a study
by Zhou et al. in HL60 cells that underwent apoptosis, this
ratio was also found to increase. Although this ratio was
ascribed to the changes in only membrane proteins, in this
study it describes a total change in the proteome and pro-
tein structural changes of that proteome (48). The second-
ary structural analysis using the second derivative of Amide I
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band supported these observations. A protein kinase inhibitor
can change the cellular metabolism in a variety of ways. For
example, as a toxic compound a kinase inhibitor can initiate
Endoplasmic Reticulum stress response causing expression
of new proteins (chaperones and Heat Shock Proteins) in the
cell to protect the cellular proteins from denaturation. The
presence of cellular stress condition can alter gene expression
profiles significantly. Therefore the proteome of the sensitive
and resistant cells differ very much (49). This differentiation
in the proteome causes changes in the average secondary
structures of sensitive and resistant cells accordingly. In a
study (13) Le Gal (1993) et al. considered the effect of MDR
(doxorubicin) on the Amide I and II bands of K562 cells and
their study are parallel to ours in that we both observed a sig-
nificant increase in the band around 1690cm™! (antiparallel
beta sheets).

The bands at 1239cm™!, 1086cm ™" and 970cm™! are nucleic
acid bands. The 1239cm™! band is due to asymmetric phos-
phate stretching and the 1086cm™! band is due to symmetric
phosphate stretching band of nucleic acids (30, 31). The band
at 970cm! is due to C-N*-C stretching of nucleic acids (33).
The frequency of the symmetric stretching band was shifted
to lower frequency values in nilotinib resistant cells. In addi-
tion the intensities of the bands at 1239 and 970cm™! were
lower for nilotinib resistant cells which indicates changes in
the relative amount of nucleic acids and structural changes
in nuclear morphology, organization, and architecture. These
changes include alterations in the nuclear/cytoplasmic ratio,
hyperchromacity, chromatin aggregation and changesin DNA
condensation between nilotinib sensitive and resistant K562
cells. In a study by McNamara et al. (2008) resistance of
acute promyelocytic leukemia cells to retinoic acid was
associated with changes in the expression level of topoi-
somerase II beta (50). Similarly multi drug resistance was
linked to specific nuclear morphological changes acquired in
the process of selection by cytotoxic drugs rather than P-gp
overexpression (51).

The intensity ratio of the 1086cm™! band which is due to
symmetric phosphate stretching of nucleic acids and the
Amide IT band at 1545cm™!is used to estimate DNA/protein
ratio in the cellular systems investigated (52). In this study the
intensity ratio of 1080cm™! and Amide II bands increased by
2.78% in K562/NIL-50 cells indicating a small increase in the
DNA over protein amount. Similar increases in this ratio were
observed in differentiated and apoptotic cells (49). Benedetti
et al. (1988) and Gaigneaux et al. (2002) found a similar trend
of increase in DNA/protein content in chronic lymphatic
leukemia cells during cellular differentiation (12, 53).

Glucose/phosphate is a reliable measure for metabolic turn-
over of the cells (54) and it is indicated by the intensity
ratio of the 1030cm™! and 1086cm™! bands. The glucose/
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phosphate ratio was found to increase by 21% in K562/
NIL-50 cells. In earlier studies, the phosphate level was
higher for normal cells and carbohydrate levels also showed
a corresponding increase in H-ras transfected malignant
cells (54). Similarly, the intensity ratio of 1030cm™! and
2926cm™! bands was found to increase by 17.24% in K562/
NIL-50 cells. This ratio is indicative of the ratio of glucose/
phospholipids and is a measure of de novo synthesis of phos-
pholipids at the expense of free glucose in the cell (54). This
ratio was found to be larger for normal cells as compared to
those transformed by H-ras. The phospholipid molecules and
their metabolites are believed to participate in the oncogene-
induced transformation processes (55). Similarly, it was
reported that all phospholipid fractions were reduced in ras-
transfected fibroblasts except phosphotidylethanolamine (56).
These results that phosphate content is higher in normal cells
than in the ras transfected cell lines are in agreement with our
results for nilotinib resistant K562 cells. In a study by Gazi
et al. the intensity ratio of the 1030 cm ™! and 1086 cm™! bands
was interpreted as glycogen-to-phosphate ratio and proposed
as a marker for cancer to distinguish benign and malignant
prostate cancer and they concluded that the ratio decreased
in malignant tissue (57). Their findings indicate a close con-
nection between carbohydrate and lipid metabolisms in the
development of malignant cancer cells and the subject should
be investigated metabolically.

A significant decrease (20.11%) in the intensity ratio of the
1121cm ™! and 1020cm ™! bands was observed in K562/NIL-50
cells. This ratio is often used as an index of cellular RNA/DNA
ratio and is found to increase from normal to malignant cells
(54). In this study, this ratio was found to decrease as opposed
to the malignant transformation indicating the different bio-
chemical natures of resistance formation and malignant trans-
formation. It is also interesting to note that there was a negative
correlation between the RNA/DNA and glucose/phosphate
ratios. This is considered to be a good indicator to identify
the transforming status of the cells. This can also be applied
to tissues in the diagnosis of various types of malignancy in
differentiating normal and cancerous cells.

The intensity ratio of the band at 1121cm™! and Amide II
bands increased by 5.18% in K562/NIL-50 cells. This ratio
gives an idea about the transcriptional status of the cell. In
H-ras transfected cells, high variation of this ratio for ras-
transfected malignant cells remained unresolved (54). The
results indicate that the transcriptional status of the K562/
NIL-50 cells increases.

In cancer therapy a number of different drugs are in use.
Since many of them have been known to raise drug resistance
phenomena, a detailed analysis of the comparative effects
of these drugs in the same cell lines should be carried out
using FT-IR technique. In addition since the nature of each
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type of cancer may be different because of their different cell
types and causative agent, it may be difficult to make gener-
alizations about the nature of metabolic differences between
resistance behaviors. Similarly, different mechanisms cause
drug resistance in cancer cells. Therefore comprehensive
molecular and spectroscopic studies should be carried out to
make generalizations about the onset and progress of cancer
and resistance behavior of cancer cells against these drugs.
Finally, since the only experimental method to investigate the
metabolic rate data is the FTIR technique here, other experi-
mental methods should be used to correlate the results.

Conclusion

The results of the present study indicate that the induc-
tion of nilotinib resistance in K562 cells caused significant
alterations in cellular structure. The content of glycogen was
found to increase in the K562/NIL-50 cells as compared to
parental cells. The amount of unsaturated lipids increased in
the nilotinib resistant cells indicating lipid peroxidation. In
addition, lipid membrane order was found to increase in the
K562/NIL-50 cells. Although the total proportion of choles-
terol and triglycerides to protein did not change significantly,
nilotinib resistance caused significant changes in the choles-
terol and triglyceride proportions in the cellular structures
indicating possible changes in neutral lipid and lipid droplet
metabolism as well as phospholipid metabolism which affect
cell membrane structure. The relative content of nucleic acids
did not change significantly with respect to protein content
but structural/organizational changes in the nucleus were evi-
dent as revealed by frequency changes in the nucleic acid
bands. Changes in the amide bands revealed changes in the
proteome of the resistant cells. The alpha helix structure
and random coil structure decreased, however, anti-parallel
beta sheet structure, beta sheet structure and turns structure
increased. The transcriptional status of DNA was found to
decrease along with higher metabolic turn-over in the resis-
tant cells. The results of the present study also revealed that
FT-IR spectroscopy has the potential to be used as an analyti-
cal method of detecting and monitoring structural and func-
tional changes in CML.
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