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Abstract: Phospholipids (PLs), key elements of cellular membranes, are regulated reciprocally with
membrane proteins and can act as sensors for alterations in physiological or pathological states of cells
including initiation and development of cancer. On the other hand, peripheral blood mononuclear
cells (MNCs) play an important role in antitumor immune response by reacting to cancerous
modifications in distant organs. In the current study, we tested the hypothesis that tumor initiation
and development are reflected in the alteration pattern of the MNC PL component. We analyzed MNC
membrane PL fractions in samples from healthy individuals and from patients with diverse types of
cancers to reveal possible alterations induced by malignancy. Compared to healthy controls, the cancer
samples demonstrated shifts in several membrane PL profiles. In particular, when analyzing
cancer data pooled together, there were significantly higher levels in lysophosphatidylcholine,
phosphatidylcholine, and phosphatidylethanolamine fractions, and significantly lower quantities
in phosphatidylinositol, phosphatidylserine, and phosphatidic acid fractions in cancer samples
compared to controls. The levels of sphingomyelins and diphosphatidylglycerols were relatively
unaffected. Most of the differences in PLs were sustained during the analysis of individual cancers
such as breast cancer and chronic lymphocytic leukemia. Our findings suggest the presence of a
common pattern of changes in MNC PLs during malignancy.
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1. Introduction

One of the most important factors affecting cancer patient outcome is the time at which cancer
is detected, both at initial diagnosis and during tumor recurrence [1]. Currently, the majority of
cancers are detected at relatively late stages, leading to ineffective treatment and high mortality
rates. The detection of common cancers relies heavily on the imaging modalities, such as computer
tomography scans for lung cancer, mammograms for breast cancer, and pelvic ultrasounds for ovarian
cancer [2-4]. Unfortunately, imaging technologies that allow detection of small lesions indicative of
early stages of cancer also frequently result in false positive findings [5,6]. Therefore, establishing novel
non-invasive biomarkers to detect cancer at the early stages is of paramount importance for future
cancer care, including individualized diagnostics, tumor classification and treatment selection.
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Identifying cancer-specific cellular and molecular elements (proteins, mRNAs, circulating tumor
cells, metabolites, etc.) in peripheral blood is a highly attractive strategy and can provide affordable
screening programs. However, this blood-based approach often suffers from sensitivity and specificity
issues due to low concentrations of biomarkers in the blood [7] and rapid in vivo and ex vivo
biomarker degradation [8], as well as tumor heterogeneity and highly variable background expression
of biomarkers in nonmalignant tissues [9]. Consequently, blood-based diagnostic tests for the cancer
detection are scarce [10,11], amplifying the urgent need for new blood-based molecular tests.

Plasma membrane lipids are key elements in numerous processes and are regulated reciprocally
with membrane proteins [12]. More specifically, phospholipids (PLs) act as sensors to control alterations
in the physiological and/or pathological states of cells. Importantly, alterations in membrane lipids
are associated either with adaptation responses or with the etiology of the disease [13,14]. As such,
quick and reversible modifications of membrane PL levels and functions are strongly associated with
the initiation and development of cancer [15-17]. Additionally, some cancer cells acquire resistance to
chemotherapy through the changes in their membrane lipid composition [13,18]. Lipidomic studies
have also demonstrated that altered PL levels in tissue and blood plasma may be associated with
cancer risk, presence, and progression [19-22].

Patients with different forms of cancer exhibit a poorly functioning immune system.
The emergence of a tumor results from the disruption of cell growth regulation as well as from
failure of the host to provoke a sufficient immunological antitumor response that is revealed in
most cancer patients [23]. Peripheral blood mononuclear cells (MNCs) are comprised of lymphocytes,
including T and B cells, natural killer (NK) cells, monocytes, macrophages, and dendritic cells, and play
an important role in antitumor responses as well as in the processes of resistance to tumor. As an easily
accessible cellular pool of the blood, researchers have focused on MNCs to study the mechanisms for
cancer development and for biomarker discovery. A recent in-depth gel-free proteomics approach
was used to identify the MNC proteome and set MNCs as a platform for discovery of biomarkers [24].
Despite the advances in this direction, most of the effort has focused on the proteins/peptides as
biomarkers for cancer diagnosis and treatment.

Considering the importance of alterations in the plasma membrane profile of lipids,
their modification and signal transduction mechanisms in various cell populations of healthy subjects
and cancer patients, we hypothesized that cancer initiation and development may be reflected in
the overall alteration pattern of lipid characteristics in MNCs plasma membranes. To support this
hypothesis, we studied MINC PL profiles in samples from patients with different types of cancers and
healthy controls.

2. Materials and Methods

Materials: Media (Hank’s Balanced Salt Solution (HBSS), Eagle’s Minimum Essential Medium
(EMEM)) and reagents for cell isolation from peripheral blood and culture were obtained from
Sigma Aldrich Co. (St. Louis, MO, USA). Ficoll-400 was obtained from Serva (Feinbiochemica,
Heidelberg, Germany), and polystyrene latex microspheres (2.63%; solid-latex) were obtained from
Polysciences (Warrington, PA, USA). Chromatographically pure PL standards were purchased from
Avanti Polar Lipids (Alabaster, AL, USA), and thin layer chromatography (TLC) plates (silica Gel G60)
were from Merck (Darmstadt, Germany).

Patients: All healthy individuals and cancer patients provided informed written consent prior
to sampling, according to the Declaration of Helsinki. The present study using human samples
was approved by the Ethical Committee (IRB IORG0003427) of the Institute of Molecular Biology
of the National Academy of Sciences of Armenia. Studies were carried out on the MNCs isolated
from freshly collected peripheral blood sampled from newly diagnosed patients (total of 27) with
breast (BrC, n = 10), cervical (CC, n = 3), testicular (TC, n = 1), ovarian (OvC, n = 1), prostate (PrC,
n = 2), and bladder (BIC, n = 2) cancers, and chronic lymphocytic leukemia (CLL, n = 8), before any
treatment. Subjects were aged 35-70 years. Clinical diagnosis was confirmed by a histopathological and
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cytological examination in the National Center of Oncology after V. Fanarjyan, and National Center of
Hematology after R. Yeolyan, MH of Armenia. All patients with solid tumors were evaluated in terms
of the tumor-nodes—metastasis (TNM) classification and all of them were diagnosed as non-metastatic
(MO). Simultaneously, all the solid tumors were graded at WHO-grade (World Health Organization
tumor grading system) <2. In addition, patients with hematological malignancies were diagnosed
as B (B-cell) CLL with different variants, including typical B-CLL, mixed CLL, and prolymphocytic
leukemia. Controls (1 = 8) were 28—41-year-old healthy individuals without clinical symptoms.

Isolation of Mononuclear Cells: Cells were isolated from the heparinized whole blood by standard
Ficoll-Hypaque density gradient centrifugation described by Innes et al. [25]. Briefly, blood samples
collected in BD Vacutainer CPT (Mononuclear Cell Preparation Tubes) (BD, Franklin Lakes, NJ, USA)
with heparin were diluted in HBSS (pH 7.4) and centrifuged at 1500 g for 30 min at room temperature
on a Ficoll-Hypaque density gradient. Then the MNCs were harvested and washed with the same
medium by centrifugation at 3000 g for 15 min at room temperature. After resuspension in EMEM
(pH 7.4), MNCs were adjusted to a final concentration of 10® cell/mL and kept on ice until membrane
isolation. Trypan blue exclusion revealed more than 90% viable cells.

Subcellular fractionation of cells: In order to fractionate the cells and obtain plasma membranes,
MNCs were disrupted by hypotonic shock and homogenization. Briefly, cells were suspended in
ice-cold hypotonic buffer (42 mM KCl, 10 mM HEPES, 5 mM MgCl,, pH 7.4) and incubated on ice
for 15 min. Cells were sheared by passing them five times through a 30-gauge needle mounted on a
1-mL syringe. The lysates were centrifuged at 500 g for 10 min at 4 °C to remove nuclei and cell debris.
The post-nuclear supernatant was subjected to centrifugation at 4000 g for 15 min followed by 20,000 g
for 30 min. The resulting pellet containing plasma membranes was resuspended in 50 mM Tris-HCl
buffer (pH 7.4). The protein concentration was determined by the Lowry method [26], using the LKB
Biochrom 4050 Ultrospec II UV /Vis Spectrophotometer (LKB Biochrom, Cambridge, UK).

Lipid analysis: Lipids from the aliquots of plasma membrane fraction were extracted according
to Bligh and Dyer standard method [27]. After this, 1-mL aliquots of chloroform and 0.1 M
KOH were added to the chloroform/methanol extracts resulting in phase separation. The lower
chloroform phases were washed 2-3 times with distilled water and dried under nitrogen. The obtained
residues were dissolved in minimal volume of chloroform, and applied on the silica gel 60 G
TLC plates, following PL fractionation by one-dimensional TLC in the solvent system composed
of chloroform-acetone-methanol-acetic acid—water (6:8:2:2:1, v/v). Lipid fractions were visualized
by exposing TLC plates to iodine vapors and identified by comparison with chromatographically
pure standards.

Quantification of membrane PLs: The membrane PL content was quantified by the method of
Ernster et al. [28]. Briefly, inorganic phosphorous (P;) in various PL fractions was determined after the
elution from the TLC plates and incineration in the Kjeldahl flasks with the mixture of HCIO4 and
ammonium molybdate (1%). The color reaction with ammonium molybdate (2.5%) and ascorbic acid
(10%) was used and PLs were quantified by elemental phosphorous measurement. The quantities of
separate PLs were expressed as ugP;/mg of protein.

Data analysis: The PL fractions from blood samples of each individual were analyzed in technical
duplicates or triplicates with the sampling error averaged in the range of 2.5-18%. Mean values were
taken for further statistical analysis. The data from all patients with different types of cancers were
pooled in one group and analyzed against control group using Mann-Whitney test. The data are
presented in scatter plots with medians and interquartile ranges (IQRs). The significance of differences
between the two groups are presented by 95% confidence intervals (CI) and considered statistically
significant when the intervals are not overlapping.
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3. Results

3.1. Phospholipid Levels of Mononuclear Cell Membranes in Diverse Cancer Patients vs. Healthy Individuals

We analyzed the absolute quantities (LPi/mg protein) for PL fractions from MNC membranes
obtained from healthy individuals (denoted as controls) and patients with seven different cancers
(denoted as cancers). Eight PL fractions were identified, namely lysophosphatidylcholine (LPC),
sphingomyelin (SPM), phosphatidylcholine (PC), phosphatidylinositol (PI), phosphatidylserine (PS),
phosphatidylethanolamine (PE), phosphatidic acid (PA), and diphosphatidylglycerol (DPG). First,
we pooled data from all cancers and compared to the controls. As illustrated in Figure 1, we found
pronounced differences between cancers and controls in several PL fractions. The amounts for LPC,
PC, and PE were significantly higher in cancers compared to the controls (Figure 1A).
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Figure 1. Levels (ug Pi/mg protein) of different phospholipids (PL) fractions in membranes of
mononuclear cells (MNCs) from healthy individuals (controls) and cancer patients from seven
different cancers grouped together (cancers). (A) Lysophosphatidylcholine (LPC), phosphatidylcholine
(PC), and phosphatidylethanolamine (PE) fractions demonstrating higher levels in cancers;
(B) Phosphatidylinositol (PI), phosphatidylserine (PS), and phosphatidic acid (PA) fractions with
lower levels in cancers; (C) Sphingomyelin (SPM) and diphosphatidylglycerol (DPG) did not show
any significant differences between controls and cancers. Data from diverse forms of cancers were
pooled together; n = 8 for controls; n = 27 for cancers. Statistical differences were assessed using
Mann-Whitney test and significance assessed with 95% confidence interval (CI).

Importantly, there was a dramatic shift in the amount of LPC, which was about 3-fold higher
during malignancies, i.e., 27 (20.9-31.2) with 95% confidence interval, CI (24.11-37.26) in the cancer
group vs. 9.8 (8.6-13.3) with 95% CI (8.5-12.8) in controls. We found smaller but significant differences
for PC; 66.5 (61.0-82.2) with 95% CI (63.1-76.4) in cancers vs. 52.05 (48.5-56.2) with 95% CI (48.0-59.0)
in controls; and PE 51.3 (42.1-69.4) with 95% CI (48.6-60.3) vs. 34.0 (30.8—40.0) with 95% CI (30.5-41.3)
in controls.
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In contrast to the higher levels in LPC, PC and PE fractions, the amounts for PI, PS and PA were
significantly lower in MNC plasma membranes from cancer patients (Figure 1B). Notably, there was a
more than 2-fold decrease in cancers vs. controls for the PS fraction, with medians of 16.2 ((14.6-20.1),
95% CI (13.5-17.9)) and 36.3 ((26.8-50.0), 95% CI (28.4-47.1)), respectively. In addition, there were small
but statistically significant differences for PI and PA fractions (respectively 25.1 (18.4-29.2), 95% CI
(20.6-25.4) in cancers vs. 29.3 (25.6-32.2), 95% CI (25.9-32.4) in controls and 8.8 (8.1-10), 95% CI (8.0-9.4)
vs. 11.6 (9.1-15.5), 95% CI (9.4-15.4) in cancers vs. controls).

There were no significant differences found for two other PL fractions, i.e., SPM with median
21.2 (16.6-29.4), 95% CI (20.2-25.8) in cancers vs. 19.1 (17.3-20.8), 95% CI (17.6-20.8) in controls;
and DPG with 9.5 (6.9-11.7), 95% CI (8.6-10.8) vs. 9.7 (7.8-10.2), 95% CI (7.1-12.1) in cancers vs.
controls, respectively.

To determine whether the differences between control and cancer patient data were due to
differences in the total PL pools, we calculated the total amount of all the PLs as well as the % content
of each PL fraction from the total PL pool calculated for each healthy individual or patient. PL pools
for controls and cancers were similar, at respectively 214.8 (189.4-220.7), 95% CI (193.7-222.2) and
229.8 (201.7-273.2), 95% CI (219.2-247.5) ug Pi/mg protein. Based on this, as expected the data on
the % content of each PL fraction paralleled the absolute quantity results regarding the direction of the
differences (Figure 2). As in the case of the absolute quantities, there were higher proportions for LPC,
PC and PE fractions (Figure 2A), lower proportions for PI, PS and PA (Figure 2B) and no differences
for SPM and DPG fractions (Figure 2C). The differences, while statistically significant, were within the
range of 5-15% for most of the PL fractions.
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Figure 2. Different PL fractions in membranes of MNCs from healthy individuals (controls) and cancer
patients (cancers) presented as % of the total PL pool calculated from the PL pool of each healthy
individual or cancer patient. (A) LPC, PC, and PE fractions demonstrating higher levels in cancers;
(B) PI, PS, and PA fractions with lower levels in cancers; (C) SPM and DPG did not show any significant
differences between controls and cancers. Analysis demonstrated less spread for several PL fractions,
ie.,, LPL, PC, PE, PI, SPM. Data from diverse forms of cancers were pooled together, see Figure 1.
Statistical differences were assessed using Mann-Whitney test and significance assessed with 95% CL.
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3.2. Phospholipid Content of Mononuclear Cell Membranes in Individual Cancer Patients vs.
Healthy Individuals

Next, we analyzed data to reveal differences in PL levels during separate cancer conditions. Thus,
we compared the absolute PL amounts for individual cancer types to the controls. The sample size was
sufficient to assume statistical power for only two types of malignancies, breast cancer (BrC, n = 10)
and chronic lymphocytic leukemia (CLL, # = 8). In samples from BrC and CLL, most of the differences
in the amounts of PL fractions were in agreement with the findings of all the cancer data pooled
together. There were higher levels of LPC, PC and PE fractions compared to controls (Figure 3A). As in
pooled samples, the analysis of BrC samples demonstrated lower levels for PI, PS and PA fractions
(Figure 3B) and no significant difference in the SPM levels (Figure 3C).
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Figure 3. Different PL fraction levels (ug Pi/mg protein) in membranes of MNCs of healthy individuals
(control) and from patients with BrC and CLL. (A) LPL, PC, and PE; (B) PI, PS, and PA; (C) SPM and
DPG. Most of the differences in PL fractions between individual cancer conditions and controls mostly
agree with findings of the PL pool (Figures 1 and 2). Statistical differences between BrC (1 = 10) or CLL
(n = 8) and controls (1 = 8) were assessed using Mann-Whitney test with 95% CIL.

In contrast, in CLL samples there was no difference in the levels of PI (Figure 3B), and SPM level
showed statistically significant increase compared to controls (Figure 3C). In addition, similar to the

findings with pooled data, there were no differences for DPG levels in both BrC and CLL compared to
controls (Figure 3C).

4. Discussion

Early detection of cancer is of paramount importance for diagnosis and effective treatment
strategies that can result in increased survival rates of cancer patients. Despite substantial advances in
this field, the development of early cancer detection biomarkers with a predictive value is still very
challenging. In particular, lipids are still overlooked as potential biomarkers for cancer despite the
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ample evidence that malignancies affect lipid composition and metabolism. Moreover, the studies
have been focusing on changes occurring within the cancerous tissues and cells [29-31]. However,
mounting evidence suggests that circulating immune cells can respond to the cancerous modification
in distant organs systems [32,33]. Therefore, in this study we analyzed the PL component of MNCs
from the peripheral blood of healthy individuals and patients with diverse cancers to reveal any
common patterns during different cancer conditions.

We found substantial differences in several membrane PL profiles of MNCs obtained from
different cancer patients with different types of malignancy compared to healthy individuals.
In particular, analysis of pooled data from all cancer samples demonstrated significantly higher levels
in the absolute amounts of three different PL fractions, namely LPC, PC, and PE, in comparison to the
levels in membranes of healthy individuals. Furthermore, three PL fractions such as PI, PS, and PA
were significantly lower, whereas two other PL fractions, SPM and DPG, were not significantly different
between healthy individuals and cancer patients when data were pooled together. These differences,
albeit with lower extent, were sustained when analyzed as a percentage of each fraction from the total
PL pool. Moreover, most of the differences in the MNC membrane PL content were reproduced for
individual cancers. In this regard, the differences in PL fractions were completely reproduced in BrC
samples. In the CLL samples, the differences were in agreement with those found for the analysis of
pooled samples except for two PL fractions, PI and SPM. Compared to the controls, levels of PI were
not different, and the SPM level was significantly higher. Observed differences between BrC and CLL
samples may be due to the type of the cancers; solid tumors as in case of BrC vs. hematological cancers
represented by CLL.

Despite altered individual PL profile, we did not find differences in the MNC total PL content
between healthy and cancer groups. Evidence suggests there is enhanced lipid synthesis in cancer [34]
to satisfy the demand in structural and functional cellular components. This can result in enhanced
membrane area [35], increased activity of fatty acid synthase, and lipid accumulation within the cells
as lipid droplets [36,37]. These changes are more characteristic for the cancer cells themselves and most
probably do not reflect on the MNC PL content. Nonetheless, significant differences in the absolute
levels of individual MNC PL fractions revealed in our study were also present when calculated as
percentage from the total PL pool. Interestingly, in case of percentage distribution of the individual PL
fractions the differences between controls and cancers were within 5-15%. This observation suggests
that even under pathological conditions the PL proportions within plasma membrane are tightly
regulated, most probably, for maintaining the integrity of cellular membranes.

Among the PL fractions, LPC fraction showed the most pronounced difference between cancer
patients and healthy individuals (2-3 times higher levels in absolute values). This finding is in
agreement with previously published works demonstrating that LPC fraction is significantly alerted
in diverse cancer cells and tissues or in blood plasma [19-22]. Increased LPC levels lead to increased
membrane disordering/fluidity, a characteristic of cellular membranes during cancer [20,35,38].
We also found higher levels in the PC and PE fractions in the cancer pool. These differences were
reproduced in individual cancers with statistical significance reaching in BrC and CLL for respectively
PC and PE levels. The previously published findings on the changes in PC and PE fractions are very
diverse and sometimes controversial [39-41]. For example, substantial evidence suggests that PC levels
are elevated during cancers, whereas significant decrease was noted in breast cancer cell lines [42].

All the PL pools at the steady state level are a result of simultaneous synthesis and catabolism
as well as PL interconversions, therefore, our findings suggest that the enhanced catabolic process
in MNC membranes may partially compensate the de novo synthesis during cancer. For example,
higher LPC during cancer may be a result of enhanced activities of phospholipase A2 found during
cancers [35,43,44]. This was not largely reflected on the PC level due to its overall high content in
the plasma membranes; however, for some of the PL fractions such as PI, PS, and PA, the catabolic
processes likely overpowered their formation. As such, dramatic loss of PS fraction during cancer
may be a result of activation of catabolic processes involving PS fraction. This may likely be a result
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of PS decarboxylation leading to greater levels of PE and PC per PL fractional interconversions PS
— PE — PC [45,46]. In another scenario, greatly reduced PS levels during cancer may also be due to
activation of PS-specific phospholipase Al. In support of this, a recent study found that PS-specific
phospholipase Al expression is associated with tumor invasion and metastasis in colorectal cancer [47].
These assumptions need further in-depth investigation.

Altered lipid content in blood plasma of cancer patients has been demonstrated previously [48].
These levels often vary due to dietary influences [49]. Given the growing evidence of the role of the
immune cells in fighting /controlling cancerous growth in the body, we propose a better approach
of focusing on the blood MNCs. MNCs represent a pool which contains immune cells that undergo
significant changes during malignancies and result in inability to clear/fight cancer cells as well as
contributes to the resistance of the cancer cells to therapies. Importantly, the proportion of different
cells in the MNC pool also undergoes changes during early stages of cancer as suggested for example
by the finding of prevalence of regulatory T-cells (Tregs) in the blood at initiation and development of
variety of cancers [50]. It is plausible that differences in PL fractional content originate from various
cell types within the MNC pool, however, the important finding from our studies is the specific pattern
of the differences in the major PL fraction levels during malignancy. This suggests that there are largely
similar mechanisms involved in PL modification processes in MNC membranes regardless of the
cancer type; solid tumor such as BrC or hematological malignancy like CLL.

Some of PL fractions (LPC, PS, and PE), altered in cancer tissues, cells or blood plasma of
patients with different cancers, were suggested to be of use as additional markers for cancer risk and
detection [19-22,51,52]. PL metabolic processes such as PL catabolism and PL interconversions are
tightly regulated and thus changes may be occurring in several PL fractions simultaneously. Therefore,
patterns of several related PL profiles rather than the individual PL levels in MNC membranes may be
more representative of abnormal, malignant processes in cancer patients. Our finding on commonality
of PL profiles across different cancer types supports this notion. Future studies will address whether
simultaneous changes in several PL fractions can result in alterations of lipid microenvironment of
proteins/receptors such as checkpoint molecules and/or oncogenes in PMNs leading to immune
dysfunction during cancer.

In conclusion, we have demonstrated: (1) significant differences in PL profiles of MNCs between
cancer patients and healthy individuals; and (2) common PL profile in different types of cancer.
Notably, to further support findings of this initial study, more extensive tests with larger sample size
on various cancers and in-depth analyses of PL fractions in terms of their fatty acid composition are
needed. These studies will set the stage for future development of MNC-based PL biomarkers for early
detection and evaluation of cancer.

Author Contributions: Y.T. designed and supervised the study. K.A. and Y.A. enrolled study subjects and
contributed to collection of clinical samples. G.H., H.D., and K.H. performed experiments including isolation of
MNCs, lipid analysis, data collection, and statistical tests. G.H. and Y.T. wrote the manuscript. A.L.G. and L.A.
reviewed/edited the manuscript. All authors read and approved the final manuscript.

Funding: This research was funded by US Civilian Research and Development Foundation (US CRDF) grant
number (# AB1-2308-YE-02) and by Armenian National Science and Education Fund (ANSEF) grant number
(molbio-4040).

Acknowledgments: This study was supported by the Ministry of Education and Science of the Republic of
Armenia. We are thankful for the support of the Institute of Molecular Biology of Armenia.

Conflicts of Interest: The authors declare no financial or commercial conflict of interest.

References

1. Etzioni, R.; Urban, N.; Ramsey, S.; McIntosh, M.; Schwartz, S.; Reid, B.; Radich, J.; Anderson, G.; Hartwell, L.
The case for early detection. Nat. Rev. Cancer 2003, 3, 243-252. [CrossRef] [PubMed]

2. Aberle, D.R,; Abtin, F; Brown, K. Computed tomography screening for lung cancer: Has it finally arrived?
Implications of the national lung screening trial. J. Clin. Oncol. 2013, 31, 1002-1008. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nrc1041
http://www.ncbi.nlm.nih.gov/pubmed/12671663
http://dx.doi.org/10.1200/JCO.2012.43.3110
http://www.ncbi.nlm.nih.gov/pubmed/23401434

Med. Sci. 2018, 6, 105 9of11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Pace, L.E.; Keating, N.L. A systematic assessment of benefits and risks to guide breast cancer screening
decisions. JAMA 2014, 311, 1327-1335. [CrossRef] [PubMed]

Van Nagell, ].R., Jr.; Hoff, ].T. Transvaginal ultrasonography in ovarian cancer screening: Current perspectives.
Int. |. Womens Health 2013, 6, 25-33. [CrossRef] [PubMed]

Chubak, J.; Boudreau, D.M.; Fishman, P.A.; Elmore, ]J.G. Cost of breast-related care in the year following
false positive screening mammograms. Med. Care 2010, 48, 815-820. [CrossRef] [PubMed]

Croswell, ].M.; Baker, S.G.; Marcus, PM.; Clapp, ].D.; Kramer, B.S. Cumulative incidence of false-positive
test results in lung cancer screening: A randomized trial. Ann. Intern. Med. 2010, 152, 505-512, W176-W180.
[CrossRef] [PubMed]

Nagrath, S.; Sequist, L.V.; Maheswaran, S.; Bell, D.W.; Irimia, D.; Ulkus, L.; Smith, M.R.; Kwak, E.L.;
Digumarthy, S.; Muzikansky, A.; et al. Isolation of rare circulating tumour cells in cancer patients by
microchip technology. Nature 2007, 450, 1235-1239. [CrossRef] [PubMed]

Haun, ].B.; Castro, C.M.; Wang, R.; Peterson, V.M.; Marinelli, B.S.; Lee, H.; Weissleder, R. Micro-NMR for
rapid molecular analysis of human tumor samples. Sci. Transl. Med. 2011, 3, 71ral6. [CrossRef] [PubMed]
Diamandis, E.P. Cancer biomarkers: Can we turn recent failures into success? J. Natl. Cancer Inst. 2010, 102,
1462-1467. [CrossRef] [PubMed]

Hori, S.S.; Gambhir, S.S. Mathematical model identifies blood biomarker-based early cancer detection
strategies and limitations. Sci. Transl. Med. 2011, 3, 109ra116. [CrossRef] [PubMed]

Kern, S.E. Why your new cancer biomarker may never work: Recurrent patterns and remarkable diversity
in biomarker failures. Cancer Res. 2012, 72, 6097-6101. [CrossRef] [PubMed]

Escriba, PV.,; Gonzalez-Ros, J.M.; Goni, EM.; Kinnunen, PK.; Vigh, L.; Sanchez-Magraner, L.;
Fernandez, A.M.; Busquets, X.; Horvath, I.; Barcelo-Coblijn, G. Membranes: A meeting point for lipids,
proteins and therapies. J. Cell. Mol. Med. 2008, 12, 829-875. [CrossRef] [PubMed]

Escriba, P.V.; Ferrer-Montiel, A.V.; Ferragut, J.A.; Gonzalez-Ros, ].M. Role of membrane lipids in the
interaction of daunomycin with plasma membranes from tumor cells: Implications in drug-resistance
phenomena. Biochemistry 1990, 29, 7275-7282. [CrossRef] [PubMed]

Dorninger, F.; Brodde, A.; Braverman, N.E.; Moser, A.B.; Just, WW.,; Forss-Petter, S.; Brugger, B.; Berger, J.
Homeostasis of phospholipids—The level of phosphatidylethanolamine tightly adapts to changes in
ethanolamine plasmalogens. Biochim. Biophys. Acta 2015, 1851, 117-128. [CrossRef] [PubMed]

Mikirova, N.; Riordan, H.D.; Jackson, J.A.;, Wong, K., Miranda-Massari, J.R.; Gonzalez, M.J.
Erythrocyte membrane fatty acid composition in cancer patients. P. R. Health Sci. ]. 2004, 23, 107-113.
[PubMed]

Oremek, G.M.; Sapoutzis, N.; Lorenz, M. Phospholipids, tumour marker and beta-CrossLaps in diagnosis of
gastric carcinoma. Anticancer Res. 2003, 23, 859-863. [PubMed]

Fiancette, R.; Vincent-Fabert, C.; Guerin, E.; Trimoreau, F; Denizot, Y. Lipid mediators and human leukemic
blasts. J. Oncol. 2011, 2011. [CrossRef] [PubMed]

Rysman, E.; Brusselmans, K.; Scheys, K.; Timmermans, L.; Derua, R.; Munck, S.; Van Veldhoven, P.P.;
Waltregny, D.; Daniels, V.W.; Machiels, J.; et al. De novo lipogenesis protects cancer cells from free radicals
and chemotherapeutics by promoting membrane lipid saturation. Cancer Res. 2010, 70, 8117-8126. [CrossRef]
[PubMed]

Kuhn, T.; Floegel, A.; Sookthai, D.; Johnson, T.; Rolle-Kampczyk, U.; Otto, W.; von Bergen, M.; Boeing, H.;
Kaaks, R. Higher plasma levels of lysophosphatidylcholine 18:0 are related to a lower risk of common cancers
in a prospective metabolomics study. BMIC Med. 2016, 14, 13. [CrossRef] [PubMed]

Raynor, A.; Jantscheff, P.; Ross, T.; Schlesinger, M.; Wilde, M.; Haasis, S.; Dreckmann, T.; Bendas, G.;
Massing, U. Saturated and mono-unsaturated lysophosphatidylcholine metabolism in tumour cells: A
potential therapeutic target for preventing metastases. Lipids Health Dis. 2015, 14, 69. [CrossRef] [PubMed]
Yin, M.Z,; Tan, S.; Li, X.; Hou, Y.; Cao, G.; Li, K; Kou, J.; Lou, G. Identification of phosphatidylcholine and
lysophosphatidylcholine as novel biomarkers for cervical cancers in a prospective cohort study. Tumour Biol.
2016, 37, 5485-5492. [CrossRef] [PubMed]

Cvetkovic, Z.; Milosevic, M.; Cvetkovic, B.; Masnikosa, R.; Arsic, A.; Petrovic, S.; Vucic, V.
Plasma phospholipid changes are associated with response to chemotherapy in non-Hodgkin lymphoma
patients. Leuk. Res. 2017, 54, 39-46. [CrossRef] [PubMed]


http://dx.doi.org/10.1001/jama.2014.1398
http://www.ncbi.nlm.nih.gov/pubmed/24691608
http://dx.doi.org/10.2147/IJWH.S38347
http://www.ncbi.nlm.nih.gov/pubmed/24379701
http://dx.doi.org/10.1097/MLR.0b013e3181e57918
http://www.ncbi.nlm.nih.gov/pubmed/20706161
http://dx.doi.org/10.7326/0003-4819-152-8-201004200-00007
http://www.ncbi.nlm.nih.gov/pubmed/20404381
http://dx.doi.org/10.1038/nature06385
http://www.ncbi.nlm.nih.gov/pubmed/18097410
http://dx.doi.org/10.1126/scitranslmed.3002048
http://www.ncbi.nlm.nih.gov/pubmed/21346169
http://dx.doi.org/10.1093/jnci/djq306
http://www.ncbi.nlm.nih.gov/pubmed/20705936
http://dx.doi.org/10.1126/scitranslmed.3003110
http://www.ncbi.nlm.nih.gov/pubmed/22089452
http://dx.doi.org/10.1158/0008-5472.CAN-12-3232
http://www.ncbi.nlm.nih.gov/pubmed/23172309
http://dx.doi.org/10.1111/j.1582-4934.2008.00281.x
http://www.ncbi.nlm.nih.gov/pubmed/18266954
http://dx.doi.org/10.1021/bi00483a017
http://www.ncbi.nlm.nih.gov/pubmed/2207106
http://dx.doi.org/10.1016/j.bbalip.2014.11.005
http://www.ncbi.nlm.nih.gov/pubmed/25463479
http://www.ncbi.nlm.nih.gov/pubmed/15377058
http://www.ncbi.nlm.nih.gov/pubmed/12820314
http://dx.doi.org/10.1155/2011/389021
http://www.ncbi.nlm.nih.gov/pubmed/20953410
http://dx.doi.org/10.1158/0008-5472.CAN-09-3871
http://www.ncbi.nlm.nih.gov/pubmed/20876798
http://dx.doi.org/10.1186/s12916-016-0552-3
http://www.ncbi.nlm.nih.gov/pubmed/26817443
http://dx.doi.org/10.1186/s12944-015-0070-x
http://www.ncbi.nlm.nih.gov/pubmed/26162894
http://dx.doi.org/10.1007/s13277-015-4164-x
http://www.ncbi.nlm.nih.gov/pubmed/26566624
http://dx.doi.org/10.1016/j.leukres.2017.01.004
http://www.ncbi.nlm.nih.gov/pubmed/28107691

Med. Sci. 2018, 6, 105 10 of 11

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Strand, S.; Galle, PR. Immune evasion by tumours: Involvement of the CD95 (APO-1/Fas) system and its
clinical implications. Mol. Med. Today 1998, 4, 63-68. [CrossRef]

Koncarevic, S.; Lossner, C.; Kuhn, K.; Prinz, T.; Pike, I.; Zucht, H.D. In-depth profiling of the peripheral blood
mononuclear cells proteome for clinical blood proteomics. Int. |. Proteom. 2014, 2014, 129259. [CrossRef]
[PubMed]

Innes, J.B.; Kuntz, M.M.; Kim, Y.T.; Weksler, M.E. Induction of suppressor activity in the autologous mixed
lymphocyte reaction and in cultures with concanavalin A. J. Clin. Investig. 1979, 64, 1608-1613. [CrossRef]
[PubMed]

Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.]J. Protein measurement with the Folin phenol reagent.
J. Biol. Chem. 1951, 193, 265-275. [PubMed]

Bligh, E.G.; Dyer, W.J. A rapid method of total lipid extraction and purification. Can. J. Biochem. Physiol. 1959,
37,911-917. [CrossRef] [PubMed]

Ernster, LR.Z.R.; Lindberg, O.A. Method for the determination of tracer phosphate in biological material.
Acta Chem. Scand. 1950, 4, 942-945. [CrossRef]

Qiu, B.; Ackerman, D.; Sanchez, D.J.; Li, B.; Ochocki, ].D.; Grazioli, A.; Bobrovnikova-Marjon, E.; Diehl, J.A;
Keith, B.; Simon, M.C. HIF2alpha-Dependent Lipid Storage Promotes Endoplasmic Reticulum Homeostasis
in Clear-Cell Renal Cell Carcinoma. Cancer Discov. 2015, 5, 652—-667. [CrossRef] [PubMed]

Zhang, F; Du, G. Dysregulated lipid metabolism in cancer. World |. Biol. Chem. 2012, 3, 167-174. [CrossRef]
[PubMed]

Wymann, M.P; Schneiter, R. Lipid signalling in disease. Nat. Rev. Mol. Cell Biol. 2008, 9, 162-176. [CrossRef]
[PubMed]

Gustafson, M.P,; Bornschlegl, S.; Park, S.S.; Gastineau, D.A.; Roberts, L.R.; Dietz, A.B.; Hallemeier, C.L.
Comprehensive assessment of circulating immune cell populations in response to stereotactic body radiation
therapy in patients with liver cancer. Adv. Radiat. Oncol. 2017, 2, 540-547. [CrossRef] [PubMed]

Gabitass, R.F.; Annels, N.E.; Stocken, D.D.; Pandha, H.A.; Middleton, G.W. Elevated myeloid-derived
suppressor cells in pancreatic, esophageal and gastric cancer are an independent prognostic factor and are
associated with significant elevation of the Th2 cytokine interleukin-13. Cancer Immunol. Immunother. 2011,
60, 1419-1430. [CrossRef] [PubMed]

Baenke, F.; Peck, B.; Miess, H.; Schulze, A. Hooked on fat: The role of lipid synthesis in cancer metabolism
and tumour development. Dis. Model Mech. 2013, 6, 1353-1363. [CrossRef] [PubMed]

Andoh, Y.; Okazaki, S.; Ueoka, R. Molecular dynamics study of lipid bilayers modeling the plasma
membranes of normal murine thymocytes and leukemic GRSL cells. Biochim. Biophys. Acta 2013, 1828,
1259-1270. [CrossRef] [PubMed]

Currie, E.; Schulze, A.; Zechner, R.; Walther, T.C.; Farese, R.V,, Jr. Cellular fatty acid metabolism and cancer.
Cell Metab. 2013, 18, 153-161. [CrossRef] [PubMed]

Bozza, P.T.; Viola, ].P. Lipid droplets in inflammation and cancer. Prostagland. Leukot. Essent. Fat. Acids 2010,
82,243-250. [CrossRef] [PubMed]

Ross, T.; Jakubzig, B.; Grundmann, M.; Massing, U.; Kostenis, E.; Schlesinger, M.; Bendas, G. The molecular
mechanism by which saturated lysophosphatidylcholine attenuates the metastatic capacity of melanoma
cells. FEBS Open Bio 2016, 6, 1297-1309. [CrossRef] [PubMed]

Podo, F,; Paris, L.; Cecchetti, S.; Spadaro, E; Abalsamo, L.; Ramoni, C.; Ricci, A.; Pisanu, M.E.; Sardanelli, F;
Canese, R.; et al. Activation of Phosphatidylcholine-Specific Phospholipase C in Breast and Ovarian Cancer:
Impact on MRS-Detected Choline Metabolic Profile and Perspectives for Targeted Therapy. Front. Oncol.
2016, 6, 171. [CrossRef] [PubMed]

Kuliszkiewicz-Janus, M.; Tuz, M.A.; Kielbinski, M.; Jazwiec, B.; Niedoba, J.; Baczynski, S. 31P MRS analysis
of the phospholipid composition of the peripheral blood mononuclear cells (PBMC) and bone marrow
mononuclear cells (BMMC) of patients with acute leukemia (AL). Cell. Mol. Biol. Lett. 2009, 14, 35-45.
[CrossRef] [PubMed]

Balgoma, D.; Astudillo, A.M.; Perez-Chacon, G.; Montero, O.; Balboa, M.A.; Balsinde, ]. Markers of monocyte
activation revealed by lipidomic profiling of arachidonic acid-containing phospholipids. J. Immunol. 2010,
184, 3857-3865. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/S1357-4310(97)01191-X
http://dx.doi.org/10.1155/2014/129259
http://www.ncbi.nlm.nih.gov/pubmed/24724028
http://dx.doi.org/10.1172/JCI109622
http://www.ncbi.nlm.nih.gov/pubmed/159315
http://www.ncbi.nlm.nih.gov/pubmed/14907713
http://dx.doi.org/10.1139/y59-099
http://www.ncbi.nlm.nih.gov/pubmed/13671378
http://dx.doi.org/10.3891/acta.chem.scand.04-0942
http://dx.doi.org/10.1158/2159-8290.CD-14-1507
http://www.ncbi.nlm.nih.gov/pubmed/25829424
http://dx.doi.org/10.4331/wjbc.v3.i8.167
http://www.ncbi.nlm.nih.gov/pubmed/22937213
http://dx.doi.org/10.1038/nrm2335
http://www.ncbi.nlm.nih.gov/pubmed/18216772
http://dx.doi.org/10.1016/j.adro.2017.08.003
http://www.ncbi.nlm.nih.gov/pubmed/29204520
http://dx.doi.org/10.1007/s00262-011-1028-0
http://www.ncbi.nlm.nih.gov/pubmed/21644036
http://dx.doi.org/10.1242/dmm.011338
http://www.ncbi.nlm.nih.gov/pubmed/24203995
http://dx.doi.org/10.1016/j.bbamem.2013.01.005
http://www.ncbi.nlm.nih.gov/pubmed/23333323
http://dx.doi.org/10.1016/j.cmet.2013.05.017
http://www.ncbi.nlm.nih.gov/pubmed/23791484
http://dx.doi.org/10.1016/j.plefa.2010.02.005
http://www.ncbi.nlm.nih.gov/pubmed/20206487
http://dx.doi.org/10.1002/2211-5463.12152
http://www.ncbi.nlm.nih.gov/pubmed/28255537
http://dx.doi.org/10.3389/fonc.2016.00171
http://www.ncbi.nlm.nih.gov/pubmed/27532027
http://dx.doi.org/10.2478/s11658-008-0032-7
http://www.ncbi.nlm.nih.gov/pubmed/18839072
http://dx.doi.org/10.4049/jimmunol.0902883
http://www.ncbi.nlm.nih.gov/pubmed/20181887

Med. Sci. 2018, 6, 105 11 0f 11

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

Todor, ILN.; Lukyanova, N.Y.; Chekhun, V.E. The lipid content of cisplatin- and doxorubicin-resistant MCF-7
human breast cancer cells. Exp. Oncol. 2012, 34, 97-100. [PubMed]

Sun, B.; Zhang, X.; Talathi, S.; Cummings, B.S. Inhibition of Ca2+—independent phospholipase A2 decreases
prostate cancer cell growth by p53-dependent and independent mechanisms. J. Pharmacol. Exp. Ther. 2008,
326, 59-68. [CrossRef] [PubMed]

Song, Y.; Wilkins, P.; Hu, W.,; Murthy, K.S.; Chen, J.; Lee, Z.; Oyesanya, R.; Wu, ].; Barbour, S.E.; Fang, X.
Inhibition of calcium-independent phospholipase A2 suppresses proliferation and tumorigenicity of ovarian
carcinoma cells. Biochem. . 2007, 406, 427-436. [CrossRef] [PubMed]

Voelker, D.R. Phosphatidylserine decarboxylase. Biochim. Biophys. Acta 1997, 1348, 236-244. [CrossRef]
Cui, Z; Vance, J.E; Chen, M.H.; Voelker, D.R,; Vance, D.E. Cloning and expression of a novel
phosphatidylethanolamine N-methyltransferase. A specific biochemical and cytological marker for a unique
membrane fraction in rat liver. J. Biol. Chem. 1993, 268, 16655-16663. [PubMed]

Iida, Y.; Sunami, E.; Yamashita, H.; Hiyoshi, M.; Ishihara, S.; Yamaguchi, H.; Inoue, A.; Makide, K,;
Tsuno, N.H.; Aoki, J.; et al. Phosphatidylserine-specific phospholipase Al (PS-PLA1) expression in colorectal
cancer correlates with tumor invasion and hematogenous metastasis. Anticancer Res. 2015, 35, 1459-1464.
[PubMed]

Taylor, L.A.; Arends, ].; Hodina, A.K.; Unger, C.; Massing, U. Plasma lyso-phosphatidylcholine concentration
is decreased in cancer patients with weight loss and activated inflammatory status. Lipids Health Dis. 2007, 6,
17. [CrossRef] [PubMed]

Meikle, PJ.; Barlow, C.K.; Mellett, N.A.; Mundra, P.A.; Bonham, M.P.; Larsen, A.; Cameron-Smith, D.;
Sinclair, A.; Nestel, PJ.; Wong, G. Postprandial Plasma Phospholipids in Men Are Influenced by the Source
of Dietary Fat. J. Nutr. 2015, 145, 2012-2018. [CrossRef] [PubMed]

Tokuno, K.; Hazama, S.; Yoshino, S.; Yoshida, S.; Oka, M. Increased prevalence of regulatory T-cells in the
peripheral blood of patients with gastrointestinal cancer. Anticancer Res. 2009, 29, 1527-1532. [PubMed]
Dong, H.P,; Holth, A.; Kleinberg, L.; Ruud, M.G.; Elstrand, M.B.; Trope, C.G.; Davidson, B.; Risberg, B.
Evaluation of cell surface expression of phosphatidylserine in ovarian carcinoma effusions using the
annexin-V/7-AAD assay: Clinical relevance and comparison with other apoptosis parameters. Am. J.
Clin. Pathol. 2009, 132, 756-762. [CrossRef] [PubMed]

Fahrmann, ].E.; Grapov, D.; DeFelice, B.C.; Taylor, S.; Kim, K.; Kelly, K.; Wikoff, W.R.; Pass, H.; Rom, W.N.;
Fiehn, O.; et al. Serum phosphatidylethanolamine levels distinguish benign from malignant solitary
pulmonary nodules and represent a potential diagnostic biomarker for lung cancer. Cancer Biomark. 2016, 16,
609-617. [CrossRef] [PubMed]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://www.ncbi.nlm.nih.gov/pubmed/23013760
http://dx.doi.org/10.1124/jpet.108.138958
http://www.ncbi.nlm.nih.gov/pubmed/18441250
http://dx.doi.org/10.1042/BJ20070631
http://www.ncbi.nlm.nih.gov/pubmed/17555408
http://dx.doi.org/10.1016/S0005-2760(97)00101-X
http://www.ncbi.nlm.nih.gov/pubmed/8344945
http://www.ncbi.nlm.nih.gov/pubmed/25750298
http://dx.doi.org/10.1186/1476-511X-6-17
http://www.ncbi.nlm.nih.gov/pubmed/17623088
http://dx.doi.org/10.3945/jn.115.210104
http://www.ncbi.nlm.nih.gov/pubmed/26180244
http://www.ncbi.nlm.nih.gov/pubmed/19443361
http://dx.doi.org/10.1309/AJCPAVFA8J3KHPRS
http://www.ncbi.nlm.nih.gov/pubmed/19846818
http://dx.doi.org/10.3233/CBM-160602
http://www.ncbi.nlm.nih.gov/pubmed/27002763
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Phospholipid Levels of Mononuclear Cell Membranes in Diverse Cancer Patients vs. Healthy Individuals 
	Phospholipid Content of Mononuclear Cell Membranes in Individual Cancer Patients vs. Healthy Individuals 

	Discussion 
	References

