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Current methods for identifying neoplastic cells and discerning them from their normal counterparts are often
nonspecific and biologically perturbing. Here, we show that single-cell micro-Raman spectroscopy can be used
to discriminate between resistant and sensitive multiple myeloma cell lines based on their highly reproducible
biomolecular spectral signatures. In order to demonstrate robustness of the proposed approach,we used two dif-
ferent cell lines of multiplemyeloma, namelyMM.1S and U266B1, and their counterparts MM.1R and U266/BTZ-
R subtypes, resistant to dexamethasone and bortezomib, respectively. Then,micro-Raman spectroscopy provides
an easily accurate and noninvasive method for cancer detection for both research and clinical environments.
Characteristic peaks, mostly due to different DNA/RNA ratio, nucleic acids, lipids and protein concentrations,
allow for discerning the sensitive and resistant subtypes. We also explored principal component analysis (PCA)
for resistant cell identification and classification. Sensitive and resistant cells formdistinct clusters that can be de-
fined using just two principal components. The identification of drug-resistant cells by confocal micro-Raman
spectroscopy is thus proposed as a clinical tool to assess the development of resistance to glucocorticoids and
proteasome inhibitors in myeloma cells.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Multiple myeloma (MM) is a clonal accumulative disease of mature
plasma cells which is generally fatal. Despite some drugs are considered
as promising therapies for MM [1], resistance still arises in MM subjects
[2,3]. In fact, the acquisition of anti-cancer drug resistance is a major
issue with treatments in MM [4], since some subjects failed to respond
to therapy, due to primary refractoriness and acquisition of resistance
[5]. Bortezomib (BTZ) is a first-in-class proteasome inhibitor developed
specifically for use as antineoplastic agent [6]. It is a boronic acid dipep-
tide that is highly selective for inhibition of the chymotryptic activity of
the 26S proteasome via reversible binding of its target, PSMB5, a subunit
of the 20s catalytic core. BTZ treatment has been shown to inhibit the
transcriptional activity of NF-κB as well as trigger the unfolded protein
response (UPR), leading to cell stress and apoptosis [7]. It is themost po-
tent antineoplastic agent for the treatment of MM, and a total of 73% of
lm@unime.it
patients with myeloma responded to treatment with BTZ combined
with pegylated liposomal doxorubicin [2]. On the other hand, dexa-
methasone (DXM), a synthetic glucocorticoid steroid hormone, has
been generally utilized in the treatment of MM. DXM operates via nu-
merous possible mechanisms. DXM may provoke cell cycle arrest at
theG1 phase and the cell cycle arrestmay operate as an apoptotic signal
[8,9]. Moreover, DXM causes apoptosis through transcription activation
of apoptotic genes for Caspase-3, Caspase-8 and Bim proteins [10–13]
and suppression of the Akt-PI3K pathway or glucocorticoid receptor
(GR) involvement [14–17]. A main problem in treatment of MM is the
emergence of cells resistance to drug-induced apoptosis. In fact, because
MM is characterized by a complex genomic instability and cytogenetic
constitution, chronic exposure to drug may lead to resistant subtypes
in subjects with MM, making unnecessary the continuation of therapy.
Numerousmechanisms have been found that account for the resistance
to BTZ and DXM induced apoptosis, including drug receptor mutations,
insufficient ligand, abnormal drug translocation, overexpression of Bcl-
2, up-regulation of anti-oxidant proteins, and overexpression of anti-ap-
optotic proteins [18–22]. Liu et al. [23] demonstrated that interleukin-6
and JAK2/STAT3 signaling mediate the DXM resistance in MM cells,
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while other studies have uncovered a role formiR-221-222 inMMDXM
resistance [24]. Differently, the mutation in the proteasome β5 subunit
(PSMB5), and the increased expression of proteasome, have been
shown in cancer cells with acquired resistance to BTZ [25], while activa-
tion of NF-κB with inactivating abnormality of TNF receptor-associated
factor 3 (TRAF3), inMMcells harboring geneticmutation of NF-κB path-
ways, has been correlated with BTZ sensitivity [26]. To identify
chemoresistance, the characteristics of cancer cells having resistant
phenotype to anti-cancer drugs need to be understood, and few com-
plex methods have been proposed to recognize these cancer cells,
such as a proteomic identification and clonogenic assays [27,28]. For ex-
ample, differences in nuclear textures of myeloma cell sub-lines resis-
tant to glucocorticoids (GCs) were observed by image cytometry and
the degree of resistancewas related to a progressive chromatin conden-
sation [29]. Other studies have evaluated the role of mitochondrial
genes including CYPD, SOD2 and MCU on BTZ resistance. These genes
were differentially expressed in BTZ-resistant KMS cells. Thus, changes
in the expression of these genes lead to changes in mitochondrial activ-
ity and in BTZ susceptibility or resistance, and their combined effect
contributes to differential sensitivity or resistance of MM cells to BTZ.
In support of this finding, coadministration of BTZ and 2-
methoxyestradiol, a SOD inhibitor, rendered KMS20 cells sensitive to
apoptosis [30].

Hence, induction of resistance to drug in the multiple myeloma is
not often associated with significant variations in the cell phenotype,
so the identification of resistant cells remains uneasy.

Therefore, in order to address the appropriate pharmacological
choice, also ensuring therapeutic success, a fast method for identifica-
tion chemoresistant cells is need. In this contest, some researchers
used specific spectral information, obtained by micro-Raman measure-
ments, to define molecular changes induced by chemotherapeutic [31].

Raman spectroscopy, due to its fingerprint character, can be used to
detect the structural changes that take place in cancer cells. Raman scat-
tering in fact involves the interaction of a probewith the vibrational en-
ergetic levels within a molecule. Vibrations of specific functional groups
lead to the appearance of spectral bandswhose intensities and positions
provide information regarding the sample's structural properties and
can optically probe the molecular changes associated with diseased tis-
sues [32,33]. Moreover, Raman scattering can be used for deriving direct
chemical/structural information in a label-free, nondestructive, and
real-time manner at the single-cell level, without requiring any exoge-
nous modification of samples [34].

In this work, we analyze by micro-Raman spectroscopy two model
cell lines of myeloma multiple, namely MM.1 and U266.B1, before and
after resistant acquisition to DXM and BTZ, respectively. Specifically,
we compare local and global molecular information, obtained by
Raman spectroscopy on several cells within the same cell line, to detect
and understand the intracellular biochemical changes that occur in
chemoresistant cells.

Furthermore, we evaluate the capability of the micro-Raman spec-
troscopic technique at single-cell level to discriminate between sensi-
tive and -resistant cells.

MM1.S andMM1.R cells are closely related cell lines and established
as a good model to explore mechanisms of resistance to DXM, showing
morphology typical of myeloma cell [35]. We outline that one of these
cells has a congenital resistance as lacking the receptor for DXM, the
other cell acquires it with exposure to BTZ. Since the establishment of
the original MM.1 cells, the two cell lines subtypes were developed:
1) a GC-sensitive cell line, namely MM.1S, is identified by the ability of
DXM to inhibit cell proliferation and induce apoptosis; 2) the resistant
variant, designated MM.1R, was isolated from the original culture
based on their lack of responsiveness to DXM-induced cytolysis, due
to the non-expression of GR. The cell lines subtypes differ only in their
sensitivity to GCs. U266B1 cell line has been used to explore mecha-
nisms of resistance to BTZ. Differently from MM.1R, resistance to BTZ
is established exposing U266B1 cultures to gradually increasing
concentrations of drug. It is known that U266 BTZ-resistant cells show
a relatively less inhibitory effect of prosurvival NF-κB signaling by BTZ
and a different regulation of genes related to ubiquitination [36]. Then,
principal component analysis (PCA) and subsequent hierarchical com-
ponent analysis (HCA) were used as fast and reproducible analysis
method to discriminate drug-resistant and -sensitive cells.

2. Materials and Methods

2.1. Cell Lines and Culture Conditions

MM.1S, MM.1R and U266B1 were purchased from the American
Type Culture Collection (ATCC; Rockville, MD, USA). MM.1S (ATCC®
CRL-2974™), MM.1R (ATCC® CRL-2975™) and U266B1(ATCC® TIB-
196™) cell lines were cultured in RPMI 1640 medium supplemented
with 10% fetal bovine serum (FBS), 100 units/mL penicillin, 100 μg/mL
streptomycin, and 2 mM L-glutamine (Sigma-Aldrich, Milan, Italy).
Cells were maintained in an incubator with humidified atmosphere
containing 5% CO2 at 37 °C. MM.1S and MM.1R are mixed cell cultures
growing both as a lightly attached monolayer and in suspension. Sub-
cultures were prepared by scraping the adherent cells into themedium
containing the floating cells, collecting the cells by centrifugation,
resuspending the cell pellet in fresh medium and dispensing it into
new flasks.

U266B1 is a suspension cell culture; subcultures were prepared
collecting cells by centrifugation, resuspending the cell pellet in fresh
medium and dispensing into new flasks.

A BTZ-resistant cell line (U266/BTZ-R) was established from its pa-
rental line U266B1 according to the protocol developed by Schoester
et al. [37]. Briefly, U266B1were culturedweeklywith gradually increas-
ing concentrations of BTZ (Santa Cruz Biotechnology Inc.; Dallas, TX,
USA) for 4 h.

During establishment of the U266/BTZ-R cell line, every 48–72 h an
aliquot of cells was harvested in order to evaluate cell viability by trypan
blue assay. In BTZ-treatment days cell aliquots were harvested at the
end of the 4 h exposure to the drug. The percentage of cell viability
was calculated by dividing the number of viable cells by the total num-
ber of cells and multiplying by 100. The percentage of cell viability,
shown as mean ± SD of three determinations, was calculated by divid-
ing the number of viable cells by the total number of cells andmultiply-
ing by 100.

BTZ concentrationwas increased from 1 nM to 32 nM,with stepwise
increments of 3.5 nM, in a period of 10 weeks and then followed by
weekly exposures to 16 nM of BTZ for 4 h in order to maintain cell
resistance. A control U266B1 cell line, not exposed to BTZ, was cultured
in parallel with the same subculturing procedure. Before each
subculturing passage low-speed centrifugation (100 ×g for 5 min) of
cell suspension was performed to minimize cell debris and dead cells.

For all the experiments, BTZ was always freshly dissolved in RPMI
1640 medium and immediately used.

To confirm resistance to BTZ, cell viability was evaluated by trypan
blue assay performed 48 h after 4 h of exposure to BTZ (10 nM to 10
μM). U266/BTZ-R cell line (BTZ IC50 N 5 μM) was around 35-fold more
resistant to BTZ than control cells (IC50 = 146 nM CL 95% 134–
163 nM) and retained parental doubling time and morphology.

2.2. Sample Preparation

In order to measure the average number of viable cells, before
carrying out Raman spectroscopic analysis, samples from each cell
culture were stained with Trypan Blue (Sigma-Aldrich, Milan, Italy)
and counted. Low-speed centrifugation (100 ×g for 5 min) of cell
suspension was performed to minimize eventual presence of cell de-
bris and dead cells. Then, supernatant was removed, cells were re-
suspended in Phosphate Buffer Saline (PBS, Sigma-Aldrich, Milan,
Italy), and 1 × 106 viable cells/mL were centrifuged at 500 ×g for
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5 min and washed twice in PBS to remove all traces of culture medi-
um. Finally, 50 μL of cell suspension were deposed on a CaF2 slide
treated with 0.01% polylysine (Sigma-Aldrich, Milan, Italy). Each
sample was fixed by air-drying in sterile conditions for 15 min. All
tests were performed in triplicate. For each cell line, cell viability
was always above 95%. Cells with an alterated optical cell morpholo-
gy have been excluded from Raman measurements.

2.3. Raman Spectroscopy

The spectral differences between MM.1S and MM.1R cells were in-
vestigated by means of micro-Raman spectroscopy. A diode laser oper-
ating at 2.33 eV (532 nm) was used as an excitation source. Raman
spectra were recorded in air at room temperature (RT) using an Olym-
pus BX40 microscope coupled to a Horiba monochromator, equipped
with a 600 line/mm holographic grating and to a Peltier-cooled
charged-coupled device (CCD) sensor (XploRA apparatus). An edge fil-
ter blocks Rayleigh scattered light and stray laser lines. Light was fo-
cused onto the sample to a spot of 1 μm in diameter using 100× dry
microscope objective (Olympus MPlan N) with a numerical aperture
(NA) of 0.90. Care was taken to prevent local heating and damage of
the samples. In order to minimize laser-induced heating of the speci-
mens a low power irradiation at the sample surface was used
(b0.5 mW). The 450–2000 cm−1 spectral range was investigated.
Wavenumber calibration was done with an accuracy of ±2 cm−1

using the 520.5 cm−1 Raman TOphonon line of a crystalline silicon sub-
strate as reference. An acquisition time of 30 s granted a sufficient sig-
nal-to-noise (S/N) ratio.

2.4. Variance Analysis

A continuous baseline correction was performed on each Raman
spectrum using the adaptive iteratively re-weighted penalized least
square algorithm (airPLS) [38], thereafter spectra were smoothed [39]
and normalized to their area in order to minimize fluctuations due to
signal intensity variations. Finally, variance values are obtained with re-
spect to the mean spectrum.

Preliminarily, in order to evaluate intracellular variability, Raman
scattering measurements were performed, repositioning laser spots
onto five different locations within the cell. Then, spectra collected by
several cells of sample and representative of the response from each
cell line subtypes, were used to identify the most significant bands.

2.5. PCA and Second Derivative Analysis

PCA barcode analysis was used to identify Raman spectra belonging
to similar cells stages. PCA analysis (in the physical sciences also re-
ferred to as Eigenvector analysis) was performed on spectra after the
baseline correction, smoothing and area normalization procedures, as
reported in previous section. PCA calculations were performed on a
slightly different version of the second derivate based barcode analysis
[40]. Barcodeswere generated as a function of the sign of the second de-
rivative, a threshold valuewas used to better identify the barcode limits.
The threshold value was determined in such a way to avoid the inclu-
sion of extra peaks, due to noise fluctuation around the zero value,
and, at the same time, not to exclude significant Raman peaks. The gen-
erated barcodes hold information about peaks position and widths
while intensity information is lost, being the barcodes height set to 1.
To take into consideration also the relative peak intensities we per-
formed a logical AND operation between the barcode and the averaged
spectra. In such way, each barcode holds information about position,
width and intensity of the marked peak. For smoothing and second de-
rivative calculations, the Savitzky-Golay smoothing-derivative proce-
dure was used [39]. The resulting barcodes were loaded into rows of a
matrix, which was used as input for PCA and HCA procedure. The result
of a PCA analysis performed on a given data set is a vector which
contains the relevance of principal components classified as a function
of their variance. Usually, most of the variance is contained in the first
three principal components PC 1, PC 2 and PC 3. Thereafter, HCA algo-
rithm is applied to the PCA results in order to separate the data into sta-
tistically similar groups. Cosine and correlation coefficient are two
methods for evaluating the similarity between spectroscopic features.
Similarity between principal components of different Raman spectra is
evaluated according to angle cosine formula and correlation coefficient
formula [41]. The more near to 1.0 the value of cosθ or R is, the more
similar are the two vectors. Statistical analysiswasperformed using cus-
tom scripts written in Matlab©.
3. Results

3.1. BTZ Resistance Induction in U266B1 Cell Line

BTZ resistance induction in U266B1 cell line were induced by in-
creasing of drug from 1 nM to 32 nM, with stepwise increments of
3.5 nM, in a period of 10 weeks and then followed byweekly exposures
to 16 nM of BTZ for 4 h in order to maintain cell resistance.

Fig. 1 shows that only resistant cells survived and, after this dose, vi-
ability increased again even after each other increasing treatment (up to
32 nM), finally reaching around 95% at the end of the procedure.

Starting from treatment with 11.5 nM BTZ, cell viability decreased
after each treatment reaching a minimum after exposure to 18.5 nM
BTZ.

After which cells were weekly exposed to 16 nM of BTZ for 4 h in
order tomaintain cell resistance. A control U266B1 cell line, not exposed
to BTZ, was cultured in parallel with the same subculturing procedure.

Therefore U266B1, U266/BTZ-R, MM.1S and MM.1R cell lines were
subjected to Raman spectroscopy analysis.
3.2. Raman Spectroscopy Analysis

Intracellular variability for each cell line was evaluated, reposi-
tioning laser spots onto five different locationswithin the same cell. De-
tails on how the Raman spectra have been collected by each cell are
shown in Fig. 2.

Spectra acquired in different cell location does not show a large
intracellular variability within a single cell, according to Chan et al.
and our previous work for another cell lines [42,43]. These authors
attribute low spatial variations to a large nuclear/cell ratio. In fact,
in lymphocyte cells, nucleus occupies 80% of cell volume and conse-
quently nuclear features are constantly highlighted by Raman laser.
This result indicates that, in these cell types, the random collecting
of Raman spectra in arbitrary cell location preserve data reproduc-
ibility of tested samples.

A total of 71 spectra were collected to identify the most important
spectral differences, between sensitive and resistant cells. All spectra
were previously subjected to some data treatment. Firstly, continuous
baseline correction was carried out; then, corrected spectra were nor-
malized to their own area and slightly smoothed, as described in the
Materials and Methods section.

Representative Raman spectra of MM.1 and U266B1 sensitive and
resistant subtypes, with respective standard deviation values, are
shown in Fig. 2. No large variations cell-to-cell was observed in U266/
BTZ-R, while some difference was present withinMM1.R cell line. How-
ever relative standard deviation did not exceed the 15% value in corre-
spondence of the most relevant peaks, doing not make cell-to-cell
variability significant for the following analysis.

Spectral variations in 450–2000 cm−1 region are used to discrimi-
nate cell subtypes. To this purpose, Raman features for nucleic acids,
proteins, lipids and carbohydrates were identified (see Fig. 3), and
their tentative assignment is shown in Table 1.



Fig. 1. Cell viability during establishment of the U266 BTZ-resistant cell line (U266/BTZ-R). Then cells wereweekly exposed to 16 nMof BTZ for 4 h in order tomaintain cell resistance. The
percentage of cell viability, shown as mean ± SD of three determinations, was calculated by dividing the number of viable cells by the total number of cells and multiplying by 100.

Fig. 2. Raman scatteringmeasurements for each cell of MM.1S (A), MM.1R (B), U266B1 (C) and U266/BTZ-R (D), performed repositioning laser spots onto five different regionswithin the
cell.
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Fig. 3.Mean Raman spectrum (averaged over all the Raman spectra acquired), forMM.1S andMM.1R (A) and for U266B1 and U266/BTZ-R (B) cells. The relative standard deviation values
are indicated by the shaded area.
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3.3. Raman Features for Discrimination of Sensitive and Resistant Cell
Subtypes

The main nucleic acids features in MM.1 and U266B1 cells are ex-
hibited in spectral regions around 650–765 and 1250–1350 cm−1. In
these regions the ring breathing modes, ascribable to nucleotide
bases, are overlap to protein contributions by amino acids (cysteine,
tryptophan and tyrosine) and by secondary protein structures (e.g.
α-helix, β-sheets, random coils) of Amide III. The other protein fea-
tures are exhibited in spectral regions around 995–1015 (ring
stretching modes of benzene derivatives) and 1600–1670 (second-
ary protein structures of Amide I) cm−1. About carbohydrates,
main spectral features, ascribable to mono- and disaccharides, are
exhibited in the region around 840–860 cm−1. Finally lipid contribu-
tions are exhibited in the regions 530–550 (ester group in cholester-
ol), 960–970 (δ(_CH) wagging) and 1455–1465 (δ(CH2) wagging)
cm−1. Moreover, in the region 1075–1095 contributions of ν(C\\C)
and ν(C\\O) in lipids and O\\P\\O backbone stretching in nucleic
acids and phospholipids are included.
Table 1
Raman band, corresponding to vibrational modes and their assignments [44–50].

Raman band
(cm−1)

Vibrational mode Assignment

530–550 Ester group Cholesterol
650–665 C\\S stretching mode Protein (cysteine)

C\\C twisting aromatic ring Protein (tyrosine)
Ring breathing modes DNA (guanine, thymine)

745–765 Ethanolamine group Phosphatidylethanolamine
(δ) ring Protein (tryptophan)

840–860 C\\O\\C skeletal mode in
monosaccharides and disaccharide

α-Glucose and maltose

960–970 δ(_CH) wagging Lipid
995–1015 Ring stretching modes of benzene

derivatives
Protein (phenylalanine
and tryptophan)

1075–1095 ν(C\\C) or ν(C\\O) Lipid (phospholipids)
O\\P\\O backbone stretching DNA

1255–1265 Amide III (β-sheet and random coil) Protein (secondary
structure)

Ring breathing modes DNA (thymine and
adenine)

1320–1330 Amide III (α-helix) Protein (secondary
structure)

CH3CH2 wagging mode DNA (guanine, adenine)
1455–1465 δ(CH2) wagging, Lipid
1600–1615 Amide I (antiparallel β-sheet) Protein (secondary

structure)
1660–1670 Amide I (α-helix) Protein (secondary

structure)
MM.1R and U266/BTZ-R Raman spectra show subtle differences
compared to their sensitive equivalent, in terms of peaks positions
and intensities, in the regions b1350 cm−1 (Fig. 4).

Both the resistant cells showmodifications in the spectral region, as-
cribable to nucleic acids and proteins contributions (650–665, 740–775,
1075–1095, 1255–1265 and 1320–1330 cm−1) compared to sentisitve
cells. However, these signals differ in position and intensity, as evi-
denced in Fig. 4. Particularly, about MM.1S and MM.1R we observed a
shift of peaks centered at 653, 757, 1082, 1259 and 1323 cm−1 to 661,
768, 1086, 1263 and 1330 cm−1. Differently, about U266B1 and U266/
BTZ-R we observed a shift of peaks centered at 657, 1090, 1263 and
1326 cm−1 to 661, 1086, 1259 and 1330 cm−1. This behavior indicates
different rearrangements of the protein and nucleic acids.

Exclusive difference between MM.1S andMM.1R spectra concerns a
shift to lower wavenumber of peaks ascribable to C–O–C skeletal mode
in mono- and disaccharide (from 847 to 843 cm−1), ring stretching
modes of benzene derivatives (from1013 to 1010 cm−1) and antiparal-
lel β-sheet of Amide I in protein (from 1614 to 1607 cm−1). On the
other hand, exclusive difference between U266B1 and U266/BTZ-R
spectra concerns a shift to lower wavenumber of peaks ascribable to
ester group (from 549 to 545 cm−1). Moreover a strong variation is ob-
served in the region 745–765 cm−1, ascribable to phosphatidylethanol-
amine and to tryptophan amino acid.More specifically, we observed the
disappearance of peak at 749 cm−1 and the appearance of a new peak a
772 cm−1.

To define the efficiency and sensitivity of the proposed approach for
single-cell classification, we combined the Raman spectra analysis with
a multivariate statistical method.

The results of the PCA analysis and of the subsequentHCA procedure
are shown in Fig. 5, where the PC1 vs PC2 values are reported. The
points enclosed in the two ellipses refer to the two clusters, as they
were identified by the HCA algorithm. About MM.1 cell line, the two
clusters contain 13 (cluster# 1) and 28 (cluster#2) spectra, respectively.
More than the 62% of the variance is within the first two principal com-
ponents (PC1 and PC2). Differently for U266B1, the two clusters contain
15 spectra for each subtype. The corresponding dendrograms, shown in
Fig. 5C and D, are generated using the distance cosine criterion, the cor-
relation one gives the same results.
4. Discussions

In this study we used MM cells that are considered to be useful
model systems to explore mechanisms of resistance to DXM and BTZ.
Raman spectra from sensitive and resistant cells appeared very similar
but with subtle differences in intensities and positions of specific de-
fined Raman peaks. The variations observed in the spectral regions of
nucleic acids, lipids and proteins allow drug-sensitive and -resistant



Fig. 4. Variability of main Raman peaks for MM.1S andMM.1R (A) and for U266B1 and U266/BTZ-R (B) cells. Blue and red peaks indicate themolecular fingerprint, identified for resistant
and sensitive cell of MM.1 and U266B1.
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cells distinction and a better understanding of the molecular variations
between the cell lines subtypes.

Specifically, the phosphate backbone and nucleotides Raman contri-
butions, observed in MM.1R, are shifted with respect to MM.1S, which
could be due to a dynamic assessment of chromatin organization related
to decondensation of chromatin structure. These features are usually as-
sociated to a high metabolic and transcriptional activity.

Similar consideration were reported by Pijanka, indicating as the
Raman spectroscopy analysis of isolated nuclei allows the discrimina-
tion between two different subtypes cells of the same lineage [51].
These differences have also been considered the major determinant of
Fig. 5. PCA plot (PC2 vs PC1) obtained using the Raman spectra of MM.1S and MM.1R cells (A
analysis procedure as belonging to two distinct groups (C and D).
vibrational spectra difference rather in proliferative status than
tumorigenicity.

On the overall, the changes observed referred to variations in nuclear
structural organization, similarly to what reported for other GC-resis-
tant myeloma cell lines [52]. In this case, a strong correlation was
found between the cell lines nuclear abnormality levels and the
resistance index against GCs. Image cytometry evidenced the progres-
sive chromatin condensation with large chromatin clumps heteroge-
neously distributed through the nucleus in the GC-resistant sub-lines
of RPMI 8226. However, these changes were strikingly different from
the variations observed in multidrug-resistant variant of human B
) and of U266B1 and U266/BTZ-R (B). Blue and red dots indicate cells identified by HCA



21D. Franco et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 187 (2017) 15–22
lymphoblastoid cell line, in which textural parameters indicates a chro-
matin decondensationwith a less compact chromatin distribution and a
finely granular and homogeneous aspect [52].

It is interesting to remark that, aswe showed in a previous study [53]
in 3% of analyzed cells, the acquisition of GC-resistance was associated
with a reduced heat-stress resistance, which corresponded to a reduced
mechanical strength of cell membrane. We connected this alteration to
characteristic peaks corresponding to symmetric and asymmetric
stretching bands of nucleic acids and lipids, suggesting a structural deg-
radation of the corresponding cell macromolecules. It's known that GCs,
such as DXM, are a class of corticosteroids commonly used in the treat-
ment of MM and they are able to induce an effective response, even
when used in monotherapy [54]. Their activity is carried out by the
bond with GR that modulates important biologic processes, as cell pro-
liferation and differentiation [55]. Resistance to GCs may be caused by
an alteration of expression levels or amino acid sequence of GR, as a re-
sult of mutation [56,57].

On the other hand, proteasome inhibitors-resistance, such as resis-
tance to BTZ, is often associated to a mutation and a genomic profile,
resulting in overexpression of the Heat Shock Protein B8 (HSPB8) or
in a cellular extrusion via the drug efflux transporter P-gp [58]. In fact,
both MM.1R and U266/BTZ-R cell lines show shift of the peaks, ascrib-
able to nucleic acid and protein with respect to the corresponding sen-
sitive cell lines. In addition, U266/BTZ-R spectra show a shift of the
peaks ascribed to cholesterol (from 549 to 545 cm−1) and of phospha-
tidylethanolamine contribution in the 650–665 cm−1 region, suggest-
ing that the drug-resistance could also concern an alteration of lipid
membrane fluidity.

Inmammalian cells, membrane fluidity is regulated by levels of cho-
lesterol that interferes on transition to the solid gel state, and phospha-
tidylethanolamine, that increases rigidity of the lipid bilayer [59].
Changes in lipid composition are related to the malignancy of the
tumor, including increased cell cycle progression, tumor growth and
drug resistance [60].

Alteration of lipid membrane between testicular cancer cells sensi-
ble and resistant has just been reported in Movasaghi et al. In particular
RamanCH region of nucleic acids, proteins and lipids, has just been used
to discriminate resistant and sensitive cells [61].

Further Raman features in the regions of nucleic acid and proteins,
defined in this work, indicate a significant rearrangement in the cell
structural organization of both resistant cell lines. On the other hand,
Raman signals appear to be specific for each resistant cell lines.

These findings can be used to discriminate sensitive and resistant
cell by investigation of molecular pattern that lead to drug-resistant
neoplastic cells.

By PCA analyses, sensitive and resistant subtype clusters resulted
clearly separated, although a spreading of some clusters points out for
the presence of subtle cell-to-cell variations within the same cell line.
This evidence is due to a lack of cell synchronization and does not affect
on the discrimination analysis by PCA.

5. Conclusions

On the basis of the previously discussed results, the proposed rela-
tively simple empirical analysis allows to discriminate between sensi-
tive and resistant cell subtypes in two myeloma multiple cell lines,
using limited information contained in the original Raman spectra.
Data treatment strongly limited both noise sources and spectral vari-
ability, allowing the discrimination of the sensitive and resistant cell
samples with high sensitivity and specificity.

Moreover, by comparing Raman specific peaks, it has been possible
to detect several cellular markers that can be used in the future to un-
derstand at the molecular level that lead to drug-resistant neoplastic
cells.

To this purpose, the proposedmethod can be helpful in the speeding
up of cell identification, even if further research is needed to verify
whether analysis of patient cells could allow the identification of the re-
sistance to a given drug or to a specific combination of drugs, in order to
address the appropriate pharmacological choice, also ensuring thera-
peutic success.
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