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Abstract: Natural killer (NK) cells have received a lot of attention in recent years for the roles they play
in immunity and particularly in antitumor immune responses. Although defects in NK cell functions
are recognized as important mechanisms for immune evasion of malignant cells, molecular pathways
regulating NK cell dysfunction and exhaustion in cancer are largely unknown. Here we tested
whether the c-myc proto-oncogene, known to promote cell proliferation, growth, differentiation, and
apoptosis by regulating the expression of numerous target genes, may be involved in the mechanism
of NK cell abnormalities in patients with lung and gastric cancer. Analysis of c-myc mRNA and
protein expression in peripheral blood NK cells, mitogen-activated protein kinase (MAPK) activity,
cell cycle, and cell longevity revealed a significantly decreased expression of c-myc mRNA and
protein and mitotic arrest of NK cells in different phases of cell cycle. In addition, a significant
decrease of NK cell death was also detected. These data allow the suggestion that defects of NK
cell-mediated tumor surveillance may be associated with disturbed c-myc expression in NK cells in
cancer patients. A better understanding of the mechanisms of NK cell dysfunction in cancer will help
in the NK cell-mediated therapeutic eradication of primary and metastatic cancer cells and prolong
patient survival.
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1. Introduction

The immune system has a tremendous capacity for defense mechanisms surveilling the
appearance, development, and progression of malignant tumors. The activity of such innate
mechanisms for battling tumors in their earliest stages has been recently demonstrated using
intravital imaging to track the fate of mouse skin epithelium burdened with varying numbers of
activated Wnt/beta-catenin stem cells [1]. The results revealed unanticipated plasticity of the adult
skin epithelium when faced with mutational and non-mutational insult: oncogene-induced tissue
aberrancies were all corrected with the active elimination of mutant cells [1]. However, clinical and
experimental data demonstrate that cancers can escape immunosurveillance and immune eradication
by evolving a variety of pathophysiological mechanisms, which block, disable, or polarized antitumor
immunity. The development of the tumor immunoenvironment that supports tumor expansion,
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growth and progression (formation of metastasis) is a key mechanism of carcinogenesis; thus, its
blocking or disruption is a key goal of modern biological therapeutics.

Interestingly, simultaneous single-cell analysis of the lung cancer material, noninvolved lung
tissue and blood cells has shown that the ‘initial” and ‘terminal’ clinical stages of the disease do
not really differ in their immunological characteristics [2]. Multiple immune defects detected in
the late-stage tumor lesions have also been revealed in stage I tumors. It is important to note that
the observed pathoimmunological changes have been seen both in the tumor tissue and peripheral
blood [2]. Thus, it is conceivable to speculate that at least some of immune defects in cancer patients
may develop independently of the stage of the tumor and that these defects are not likely the result of
tumor growth. Analysis of quantitative differences in immune cell types between breast tissues from
normal donors and those from women with benign breast disease who either subsequently developed
cancer or remained cancer-free, revealed similar alterations of the immune system in the earliest stages
of breast carcinogenesis [3]. Similarly, investigation of spontaneous tumor in a genetically defined
mouse model of pancreatic ductal adenocarcinoma demonstrated a prominent leukocytic infiltration
even around the lowest grade preinvasive lesions with immunosuppressive cells dominated the early
response and persisted through the invasive cancer [4]. Moreover, effector T cells were scarce in
preinvasive lesions, seen in only a subset of advanced cancers and displayed no evidence of activation.
Thus, in contrast to the hypothesis that an early "elimination phase" of cancer immune surveillance
is finally overwhelmed by a growing tumor, these and other data may suggest that the effective
tumor immunity may be undermined from the very beginning. This unusual plasticity of the immune
system may provide new tools and new avenue for characterization and understanding the role of
immune cells and immune factors in formation of premalignant niches and successful survival of
newly appeared neoplastic cells at specific locations. The incompletely understood dynamics of cancer
immunosurveillance hampers efforts to develop highly efficient immunotherapy of cancer.

Assuming that the defects in the immune system may, at least in certain cases, precede the
appearance of cancer, we hypothesized that proto-oncogenes in immune cells may also be associated
with immune defects in cancer [5]. For example, the c-Myc proto-oncogene is frequently activated
in a diversity of malignant cells and plays an important role in cellular differentiation, proliferation,
apoptosis and cell cycle progression [6]. Recently, for the first time, we estimated the c-Myc expression
in peripheral blood NK cells from patients with cancer: c-Myc mRNA expression, as well as expression
of another proto-oncogene c-kit, was significantly decreased in NK cells in all tested cancer patients
independently of tumor location, stage of disease or presence of metastases [7]. Our results suggested
that altered signaling and expression of c-kit/SCF, c-myc and STAT3 in NK cells from cancer patients
was responsible for the defect in NK cell cytolytic activity seen in many patients and that these
abnormalities in the gene expression may be the cause rather than the result of tumor progression.

NK cells play a key role in the induction and maintenance of antitumor responses. NK cells
directly kill tumor cells and release soluble factors that affect both innate and adaptive immunity.
NK cells are also critically important for elimination of tumor metastases and probably dormant
cancerous cells [8,9]. There is a clear correlation of the peripheral blood NK cell exhaustion state
and the risk of cancer, although the exact mechanisms leading to NK cell exhaustion at the tumor
milieu are poorly defined [10-12]. Considering significance of NK cells in antitumor immunity and
their capability of killing malignant cells without prior sensitization, NK cells have been successfully
tested for cell-based immunotherapy against cancers [13,14]. For instance NK cells can be genetically
modified to express chimeric antigen receptors (CAR) in order to improve specific recognition
of cancer surface markers [15]. Recent data confirming the importance of the inhibited NK cell
functioning in vivo for cancer development and demonstrating that NK cells, in addition to T cells,
mediate the effect of checkpoint blockade immunotherapy, reinforce our interests in NK cell-based
cancer immunotherapy [16]. Although NK therapy is promising, many obstacles will need to be
overcome, including understanding of actual mechanism of NK cell defects in tumor development
and progression.
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Here, we determined expression of both c-myc mRNA and protein expression in NK cells
harvested from the peripheral blood of patients with lung and gastric cancer and correlated detected
alterations with the defects in NK cell cycle and apoptosis development.

Our data show that understanding the defects of oncogene functioning in immune cells in cancer
should provide new markers for early cancer detection and accelerate the development of novel
targeted therapies to destroy the stable and supportive cancer microenvironment.

2. Results

2.1. Reduced c-myc mRNA Expression in NK Cells in Cancer Patients

Estimation of c-myc mRINA expression in the peripheral blood NK cells isolated from patients
with lung cancer and gastric cancer was carried out by the Smart Flare method (Figure 1). No significant
differences between patients with lung cancer or gastric cancer were identified. However, c-myc mRNA
expression in NK cells from patients with lung cancer (—619 + 724) and gastric cancer (430 £ 285) was
significantly decreased compared with c-myc expression in NK cells from healthy donors (2004 £ 394)
(** p <0.002 and ** p < 0.004, respectively, Figure 1B-D).
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Figure 1. Differences in c-myc mRNA expression in NK cells harvested from healthy donors and
cancer patients. NK cells were isolated from the peripheral blood samples by negative selection
using Dynabeads, incubated in complete medium for 20 h and c-myc expression was determined by
Smart Flare method as described in M&M. (A) Data of mean fluorescent intensity (MFI) are shown
as the mean + SEM (ANOVA). (B) C-myc-mRNA expression in peripheral NK cells from one of 10
representative healthy donors. (C) C-myc-mRNA expression in peripheral NK cells from one of 7
representative patients with lung cancer. (D) C-myc-mRNA expression in peripheral NK cells from
one of 12 representative patients with gastric cancer. (B-D) The relative expression was determined by
flow cytometry on stained NK cells.

We noticed no highly significant association between c-myc mRNA expression and clinical stage
of disease or the presence of metastases. However, expression of c-myc mRNA in NK cells from
patients with well-differentiated (G1) and moderately differentiated (G2) types of carcinoma was
commonly higher than one in NK cells from patients with poorly differentiated (G3) adenocarcinoma.
The lowest values of the NK cell c-myc mRNA expression was determined, as a rule, in patients with
poorly differentiated (G3) cancer.

Similar differences in c-myc expression were determined in NK cells isolated from patients after
elective surgery. For instance, resection of tumor mass decreased the level of c-myc mRNA expression
in NK cells in a patient with poorly differentiated (G3) carcinoma (MFI: 1020 before and 417 after
operation). However, in a patient with well-differentiated (G1) type of tumor, one week after a surgical
removal of the tumor mass, expression of c-myc mRNA in NK cells was doubled (MFI:1114 before and
3291 after operation).

2.1.1. Decrease in c-Myc Protein Production in NK Cells from Cancer Patients

Production of c-Myc protein was evaluated simultaneously with mRNA measurement in the same
NK cells isolated from the same patients with lung cancer and gastric cancer (Figure 2). In contrast
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to c-myc mRNA data, the production of c-Myc protein was significantly reduced in all patients,
regardless of the cancer cell differentiation stage, clinical stage of the disease or the presence of
metastases (Figure 2A). For instance, c-Myc protein expression in the peripheral blood NK cells in
patients with lung cancer (n = 7) (MFL: 375 £ 52) and gastric cancer (n = 12) (MFIL: 406 + 47) were
similarly and significantly (*** p < 0.001 and *** p < 0.001, respectively) reduced when compared with
expression of c-Myc protein in NK cells from healthy donors (n = 10) (MFI: 4574 £ 1446).
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Figure 2. Differences in c-Myc protein expression in NK cells harvested from healthy donors and
cancer patients. NK cells were isolated from the peripheral blood samples by negative selection using
Dynabeads. C-myc-protein expression was determined as described in M&M. (A) Data of mean
fluorescent intensity (MFI) are shown as the mean + SEM (ANOVA). (B) C-myc-protein expression
in peripheral NK cells from one of 10 representative healthy donors. (C) C-myc-protein expression
in peripheral NK cells from one of 7 representative patients with lung cancer. (D) C-myc-protein
expression in peripheral NK cells from one of 12 representative patients with gastric cancer.

Interestingly, tumor resection did not recover c-Myc protein production by NK cells: c-Myc
protein levels were quite low and stay low in all tested groups. Although mRNA expression of c-myc
increased after surgery in patient with well-differentiated (G1) tumor stage, no significant changes in
protein expression in NK cells were detected. For instance, MFI of c-myc protein expression before the
surgery was 396 + 45, while after surgery MFI increased up to 573 =+ 78. The absence of a statistically
significant correlation between the mRNA and protein data requires explanation, and additional
mechanistical studies are in progress in our laboratories.

2.1.2. MAPK Activity in NK Cells from Cancer Patients

Many signaling pathways, including mitogen-activated protein kinase (MAPK), regulate c-myc
mRNA expression and promote c-Myc protein stability in different cell types [17]. Reduction of
c-Myc expression in NK cells may be associated with the deregulated ERK/MAPK (Extracellular
signal-Related Kinase) activity as it was demonstrated that the inhibition of the MEK/ERK pathway
dramatically decreased c-Myc expression in other cell types [18,19]. To test this, we have determined
the ERK activation in different NK cell groups (Figure 3). No significant changes in the levels of
total ERK protein in NK cells in any patient groups were detected (Figure 3A). However, there was
a significant difference between two groups of patients in the levels of activated ERK. The level of
phosphorylated protein in NK cells in patients with gastric cancer (294 + 61) was higher than in NK
cells isolated from healthy donors (129 £ 15) (** p < 0.01, Figure 3B). However, MAPK phosphorylation
in NK cells in patients with lung cancer (125 4 20) was similar to that one in NK cells harvested from
healthy volunteers (“ns” p = 0.77).
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Figure 3. Differences in the total and phosphorylated level of ERK in NK cells harvested from healthy
donors and cancer patients. NK cells were isolated from the peripheral blood samples by negative
selection using Dynabeads. The total and phosphorylated levels of ERK were determined as described
in M&M. (A) Data of MFI of total levels of ERK are shown as the mean £+ SEM. (B) Data of MFI of
phosphorylated levels of ERK are shown as the mean 4+ SEM. (** p < 0.01).

2.1.3. Defect of Cell Cycle in NK Cells from Cancer Patients

The proto-oncogene c-myc encodes a transcription factor which plays a pivotal role in cell
proliferation, metabolism, differentiation, and apoptosis by regulating expression of various
downstream target genes. For example, cell cycle progression from the G0/G1 to the S phase is
tightly controlled by c-Myc [20]. Therefore, we tested whether a decrease in expression of both c-myc
mRNA and protein was associated with the cell cycle of NK cells. Our data demonstrated a highly
visible mitotic arrest of NK cells from patients with both types of cancer in G0/G1 phase of the cell
cycle. Numbers of NK cells from lung cancer (93 &£ 2) (n = 7) and in gastric cancer (89 £ 7) (n = 12) in
GO0/G1 phase of the cell cycle were significantly increased (* p < 0.05 and *** p = 0.001, respectively)
when compared with NK cells isolated from healthy volunteers, where the number of NK cells in this
phase was 64 £ 12 (n = 10) (Figure 4A). Subsequently, the amount of NK cells isolated from all patients
with lung and gastric cancer in phases G2/M and S decreased in comparison to controls: 7 & 2 in
lung cancer and 11 + 7 in gastric cancer versus 36 & 12 in healthy donors (* p < 0.05 and *** p = 0.001,
respectively) (Figure 4B).
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Figure 4. Differences in % NK cells in cell cycle phases harvested from healthy donors and cancer
patients. NK cells were isolated from the peripheral blood samples by negative selection using
Dynabeads. Cell cycle was determined as described in M&M. (A) Data of % NK cells in GO/G1 stage
are shown as the mean + SEM (ANOVA). (B) Data of % NK cells in S and G2/M stage are shown as
the mean &+ SEM (ANOVA). (C) Cell cycle of NK cells from one of 10 representative healthy donors.
(D) Cell cycle of NK cells from one of 7 representative patients with lung cancer. (E) Cell cycle of NK
cells from one of 12 representative patients with gastric cancer. (* p < 0.05 and *** p < 0.001).

3. Discussion

Different means of surgical and non-surgical conventional treatment of cancer, including
chemotherapy and radiation therapy, have not yielded completely satisfactory results to date. However,
immunotherapy is in the center of attention of oncologists and clinicians as a treatment of choice
for several types of cancer, although despite encouraging results of several clinical trials, clinical
outcomes remain insufficient for most patients [21-23]. Despite of the successful therapeutic responses
in patients with melanoma after checkpoint inhibitor treatment [24,25], the application of anti-PD-1
immunotherapy to several other cancers was less effective [18,19,26,27].

In this study, we not only confirm our early data related to an abnormal expression of
the proto-oncogenes in cancer [7], but we also revealed changes in the expression of the c-myc
proto-oncogene, both mRNA and protein, in NK cells in patients with lung and gastric cancer. A
defect in the expression of both c-myc mRNA and protein should lead to metabolic cell cycle arrest.
Indeed, our data showed that NK cells were in different stages of cell cycle, but they were not dead. It
is unlikely that in such a sluggish state of cycling NK cells can display a feasibly activity against tumor
cells. One can speculate this may serve as a mechanism of low cytotoxic activity of NK cells seen in
cancer patients causing a low efficacy of antitumor protection [28-31]. Since the revealed defects of NK
cells in cancer patients do not depend on stage of disease, localization, and metastatic spread, these
defects rather precede cancer development than are the result of tumor growth. In line with this, recent
“-omic” data (tumor RNA-seq (RNA sequencing) and whole-exome sequences of germline genomes)
of The Cancer Genome Atlas of cancer patients (1 = ~6,000) representing 13 common cancer types
suggest that individuals who have inherited defects in NK cells experience a high risk of developing
cancers [32]. Specifically, in all most common cancers, defects of the NK-specific-genes (i.e., NKD+
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NK cell receptors) alone were sufficient to establish the critical correlations with patient survival and
tumor infiltration by cytotoxic T cells. The authors speculate that inheritable defected of two key
antitumor activities of NK cells—cytotoxicity and immune cell recruitment—results in low-efficient
cancer immunosurveillance and high risk of tumor development and formation of metastases. The
authors propose that “cancer is largely a disease of NK cell deficiencies” [32].

Our results demonstrating the independence of the revealed defects in NK cells from the
localization of the tumor also suggest a common mechanism for the occurrence of immune defects
during tumor development. Although this is supported by our and others’ data, further clinical
and experimental confirmation is needed. Furthermore, more studies focusing on the oncogene
expression and function in non-malignant immune cells are required to confirm their common or
unique role in immunological defects in premalignant and malignant lesions. Although the defects of
proto-oncogenes, in particular c-myc, are the attribute of many types of neoplasms with more than
50% of tumors overexpressing c-Myc protein [33], their role in controlling immune disfunctions in
cancer is not well understood. We reported here that c-myc expression in NK cells, on the contrary
to cancerous cells, decreased, while the low level of apoptotic death is a similar attribute in tested
cells. Since, oncogenes such as Myc may up-regulate tumor development not only through their
fundamental influence on cell proliferation but also via their control of immune checkpoints that
enables evasion from immune surveillance [34], it will be interesting to validate whether Myc can
regulate the expression of the immune checkpoint gene products in NK cells, as well as if other
oncogenes, which are known to modulate Myc, can regulate immune checkpoints in NK cells. In
line with this, targeting NK checkpoints to up-regulate their cytotoxic activity is now considered as a
suitable approach for cancer treatment [35]. Modulation of NK numbers and/or function by a variety
of agents such as cytokines (i.e., IL-15 and IL-2), monoclonal antibodies blocking inhibitory receptors
(i.e., KIR, NKG2A and TIGIT (T cell immunoreceptor with Ig and ITIM domains) and agonists
delivering signals via CD137, NKG2D and CD16 is widely discussed as the suitable therapeutic
opportunities [35]. In addition to the approaches controlling inhibitory signals that limit NK cell
function and redirecting NK cell activity against malignant cells, diverse approaches incorporating the
development of large-scale NK cell-expansion protocols for adoptive transfer and the establishment
of a microenvironment favorable to NK cell activity are now being undertaken to fully exploit
NK cell antitumor properties in the clinic [36]. Finally, understanding the negative effect of the
tumor microenvironment on NK cells in vivo, genetic modification of NK cells may deliver novel
opportunities for developing successful cancer immunotherapies by improving NK cell responses and
making them less vulnerable to the tumor microenvironment [37].

In conclusion, we revealed a significant reduction of both c-myc mRNA and protein in NK cells
obtained from patients with lung and gastric cancer, which was independent from the stage of disease
or the presence of metastases. Attenuated expression of c-myc was associated with lower number of
dead NK cells and the mitotic arrest of NK cells in GO/G1 phase of the cell cycle. These data allow the
suggestion of a new pathway of NK cell abnormality in cancer, which may provide new markers for
early cancer detection or selecting patients with high risk of carcinogenesis or metastatic disease.

The most important innovative potential of the manuscript is not only in confirmation and further
expansion of unique recent findings of abnormal c-myc expression in NK cells isolated from patients
with lung and stomach cancer, but in further development of clinically important data. This includes
data validation on both the mRNA and protein levels, analysis of c-myc expression in cells on different
stages of cell cycle and cell viability, and, most importantly, evaluation of c-myc expression in NK cells
harvested before and after surgical tumor excision. Altogether, these new data offer a basis for a novel
concept of tumor-associated immunosuppression and offer new targets in NK cells for development
innovative and efficient cancer therapies.
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4. Materials and Methods

4.1. Patients and Samples

Peripheral blood specimens were collected from 19 patients: 15 men and four women, median
age 67 (39-84) with two types of cancer—lung cancer and gastric cancer. The studies were conducted
in accordance with the Declaration of Helsinki, were approved by the Institutional Review Board (IRB)
and patients provided written informed consent for sample acquisition for research purposes. Blood
was collected prior to the surgical and chemotherapy procedures. Healthy controls (HC, n = 10, 5 men
and 5 women, median age 54 (45-63)) were recruited from the personnel of the Laboratories within the
Research Institute of Fundamental and Applied Medicine after signing of the informed consent.

4.2. Purification of NK Cells

PBMC were isolated from the peripheral blood by Ficoll-Paque™ PLUS (Life Technologies,
Waltham, MA, USA) density gradient centrifugation (Centrifuge 2-16k; Sigma, Darmstadt, Germany).
NK cells were negatively selected using DynaMag™-5 Magnet with Dynabeads® Untouched™ Human
NK Cells isolation kit (Life Technologies). The purity of the cell subsets was confirmed by flow
cytometry (FACSCalibur, BD Biosciences, San Jose, CA, USA) using CD56 and CD16 monoclonal
antibodies labeled with FITC (Fluorescein isothiocyanate) and PerCP (BD Biosciences) as described
earlier [7]. The purity of isolated NK cells was typically between 90-95% and potential contamination
with NKT (Natural Killer T cells) cells was less than 1-2% according to the manufacturer procedure.

4.3. SmartFlare™ RNA Detection Assay

Isolated NK cells were incubated in RPMI-1640 medium supplemented with 10% FCS in 96-well
flat-bottom plates at 37 °C, 5% CO, for 20 h in the presence of Smart Flare Myc, Human, Cyanine
5 according to the manufacturer’s instructions (Merck Millipore, Burlington, MA, USA). Control
probes were incubated with: (i) Cellular uptake control; (ii) Scramble control for specificity and
(iii) Housekeeping control the 18s gene. Fluorescence was detected by flow cytometry on BD
FACSCantoTM 1L

4.4. Detection of c-Myc Protein Production

Isolated NK cells were fixated, permeabilizated, washed, and then mixed with
fluorochrome-conjugated antibodies (Human c-Myc PE-conjugated Antibody, R&D Systems,
Minneapolis, MN, USA). Fluorescence was detected by flow cytometry on BD FACSCantoTM II.

4.5. MAPK Activation Dual Detection Assay

The levels of both the total and phosphorylated protein were measured simultaneously in the
same cells using Millipore’s FlowCellect™ MAPK Activation Dual Detection kit. This Kit includes
two directly conjugated antibodies: the phospho-specific anti-phospho-ERK1/2 (Thr202/Tyr204,
Thr185/Tyr187)-PE and anti-ERK1/2-Alexa Fluor® 647-conjugated antibody to measure the total levels
of ERK. This two-color flow cytometry kit allows measuring the extent of MAPK phosphorylation
relative to the total MAPK expression in cells. Cells were fixated, permeabilizated, washed, and then
mixed with fluorochrome-conjugated antibodies. Fluorescence was detected by flow cytometry on BD
FACSCantoTM II.

4.6. Cell Cycle Assay

Tali® Apoptosis Kit containing Annexin V Alexa Fluor® 488 and 7 amino actinomycin-D was
used for detection of early and late stages of apoptosis in tested cells. 7-AAD (7 aminoactinomycin D)
is a membrane impermeant dye that is excluded from viable cells and so shows the dead cell count.
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The number of dead cells did not exceed 1%. Fluorescence was detected by flow cytometry on BD
FACS CantoTM 11

4.7. Statistical Analysis

For a single comparison of two groups, the Student’s t-test was used after the evaluation of
normality. If data distribution was not normal, a Mann-Whitney rank sum test was performed. For
the comparison of multiple groups, analysis of variance was applied. SigmaStat Software was used for
data analysis (SyStat Software, Inc.). For all statistical analyses, p < 0.05 was considered significant. All
experiments were repeated at least two times. Data are presented as the mean + SEM.

Author Contributions: Conceptualization, writing—original draft preparation, G.K.Z.; methodology, project
administration, supervision, N.N.N.; formal analysis, investigation, data curation, E.K. and N.T.U; resources,
E.T.B.; writing—review and editing, visualization, funding acquisition, M.R.S.

Funding: This research was funded by the Committee on science of the Ministry of Education and Science of the
Republic of Kazakhstan (No. AP05130612).

Acknowledgments: We are grateful to Sergey B. Bernikov for great help in formal analysis, application of
statistical, mathematical, computational, and other techniques to analyze or synthesize the study data.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Brown, S.; Pineda, C.M.; Xin, T.; Boucher, J.; Suozzi, K.C.; Park, S.; Matte-Martone, C.; Gonzalez, D.G.;
Rytlewski, J.; Beronja, S.; et al. Correction of aberrant growth preserves tissue homeostasis. Nature 2017, 548,
334-337. [CrossRef] [PubMed]

2. Lavin, Y.,; Kobayashi, S.; Leader, A.; Amir, E.D.; Elefant, N.; Bigenwald, C.; Remark, R.; Sweeney, R,;
Becker, C.D.; Levine, ].H.; et al. Innate Immune Landscape in Early Lung Adenocarcinoma by Paired
Single-Cell Analyses. Cell 2017, 169, 750-765. [CrossRef] [PubMed]

3.  Degnim, A.C.; Hoskin, T.L.; Arshad, M.; Frost, M.H.; Winham, S.J.; Brahmbhatt, R.A.; Pena, A ; Carter, ].M.;
Stallings-Mann, M.L.; Murphy, L.M.; et al. Alterations in the Immune Cell Composition in Premalignant
Breast Tissue that Precede Breast Cancer Development. Clin. Cancer Res. 2017, 23, 3945-3952. [CrossRef]
[PubMed]

4. Clark, C.E.; Hingorani, S.R.; Mick, R.; Combs, C.; Tuveson, D.A.; Vonderheide, R.H. Dynamics of the
immune reaction to pancreatic cancer from inception to invasion. Cancer Res. 2007, 67, 9518-9527. [CrossRef]
[PubMed]

5. Zakiryanova, G.K.; Wheeler, S.; Shurin, M.R. Oncogenes in immune cells as potential therapeutic targets.
Immunotargets Ther. 2018, 7, 21-28. [CrossRef] [PubMed]

6.  Felsher, D.W. MYC Inactivation Elicits Oncogene Addiction through Both Tumor Cell-Intrinsic and
Host-Dependent Mechanisms. Genes Cancer 2010, 1, 597-604. [CrossRef] [PubMed]

7.  Zakiryanova, G.K.; Kustova, E.; Urazalieva, N.T.; Amirbekov, A.; Baimuchametov, E.T.; Nakisbekov, N.N.;
Shurin, M.R. Alterations of oncogenes expression in, N.K. cells in patients with cancer. Immun. Inflamm. Dis.
2017, 5,493-502. [CrossRef] [PubMed]

8. Levy, E.M.; Roberti, M.P.; Mordoh, J. Natural killer cells in human cancer: From biological functions to
clinical applications. J. Biomed. Biotechnol. 2011, 676198. [CrossRef] [PubMed]

9.  Marcenaro, E.; Notarangelo, L.D.; Orange, ].S.; Vivier, E. Editorial: NK Cell Subsets in Health and Disease:
New Developments. Front. Immunol. 2017, 8, 1363. [CrossRef] [PubMed]

10. Messaoudene, M.; Frazao, A.; Gavlovsky, PJ.; Toubert, A.; Dulphy, N.; Caignard, A. Patient’s Natural Killer
Cells in the Era of Targeted Therapies: Role for Tumor Killers. Front. Immunol. 2017, 8, 683. [CrossRef]
[PubMed]

11. Jaeger, B.N.; Vivier, E. Natural killer cell tolerance: Control by self or self-control? Cold Spring Harb.
Perspect. Biol. 2012, 4, 22383753. [CrossRef] [PubMed]

12.  Vivier, E,; Ugolini, S.; Blaise, D.; Chabannon, C.; Brossay, L. Targeting natural killer cells and natural killer T
cells in cancer. Nat. Rev. Immunol. 2012, 12, 239-252. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nature23304
http://www.ncbi.nlm.nih.gov/pubmed/28783732
http://dx.doi.org/10.1016/j.cell.2017.04.014
http://www.ncbi.nlm.nih.gov/pubmed/28475900
http://dx.doi.org/10.1158/1078-0432.CCR-16-2026
http://www.ncbi.nlm.nih.gov/pubmed/28126725
http://dx.doi.org/10.1158/0008-5472.CAN-07-0175
http://www.ncbi.nlm.nih.gov/pubmed/17909062
http://dx.doi.org/10.2147/ITT.S150586
http://www.ncbi.nlm.nih.gov/pubmed/29692982
http://dx.doi.org/10.1177/1947601910377798
http://www.ncbi.nlm.nih.gov/pubmed/21037952
http://dx.doi.org/10.1002/iid3.179
http://www.ncbi.nlm.nih.gov/pubmed/28695716
http://dx.doi.org/10.1155/2011/676198
http://www.ncbi.nlm.nih.gov/pubmed/21541191
http://dx.doi.org/10.3389/fimmu.2017.01363
http://www.ncbi.nlm.nih.gov/pubmed/29093717
http://dx.doi.org/10.3389/fimmu.2017.00683
http://www.ncbi.nlm.nih.gov/pubmed/28659921
http://dx.doi.org/10.1101/cshperspect.a007229
http://www.ncbi.nlm.nih.gov/pubmed/22383753
http://dx.doi.org/10.1038/nri3174
http://www.ncbi.nlm.nih.gov/pubmed/22437937

Int. J. Mol. Sci. 2019, 20, 756 10 of 11

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

Leung, W. Infusions of allogeneic natural killer cells as cancer therapy. Clin. Cancer Res. 2014, 20, 3390-3400.
[CrossRef] [PubMed]

Bachanova, V.; Miller, ].S. NK cells in therapy of cancer. Crit. Rev. Oncog. 2014, 19, 133-141. [CrossRef]
[PubMed]

Oberschmidt, O.; Kloess, S.; Koehl, U. Redirected Primary Human Chimeric Antigen Receptor Natural Killer
Cells As an “Off-the-Shelf Immunotherapy” for Improvement in Cancer Treatment. Front. Immunol. 2017, 8,
654. [CrossRef] [PubMed]

Hsu, J.; Hodgins, ].J.; Marathe, M.; Nicolai, C.J.; Bourgeois-Daigneault, M.C.; Trevino, T.N.; Azimi, C.S.;
Scheer, A.K.; Randolph, H.E.; Thompson, T.W,; et al. Contribution of NK cells to immunotherapy mediated
by PD-1/PD-L1 blockade. J. Clin. Investig. 2018, 128, 4654-4668. [CrossRef] [PubMed]

Meloche, S.; Pouyssegur, J. The ERK1/2 mitogen-activated protein kinase pathway as a master regulator of
the G1- to S-phase transition. Oncogene 2007, 26, 3227-3239. [CrossRef]

Marampon, F,; Ciccarelli, C.; Zani, B.M. Down-regulation of c-Myc following MEK/ERK inhibition halts
the expression of malignant phenotype in rhabdomyosarcoma and in non muscle-derived human tumors.
Mol. Cancer 2006, 5, 31. [CrossRef]

Zhu, J.; Blenis, J.; Yuan, J. Activation of PI3K/ Akt and MAPK pathways regulates Myc-mediated transcription
by phosphorylating and promoting the degradation of Mad1. Proc. Natl. Acad. Sci. USA 2008, 105, 6584-6589.
[CrossRef]

Obaya, A.].; Mateyak, M.K.; Sedivy, ]. M. Mysterious liaisons: The relationship between c-Myc and the cell
cycle. Oncogene 1999, 18, 2934-2941. [CrossRef]

Marrocco, I.; Romaniello, D.; Yarden, Y. Cancer Immunotherapy: The Dawn of Antibody Cocktails. Methods
Mol. Biol. 2019, 11-51.

Manca, P.; Raez, L.E.; Salzberg, M.; Sanchez, J.; Hunis, B.; Rolfo, C. The value of immunotherapy in head and
neck cancer. Expert Opin. Biol. Ther. 2019, 19, 35-43. [CrossRef] [PubMed]

Ghysen, K.; Vansteenkiste, ]. Inmunotherapy in patients with early stage resectable nonsmall cell lung
cancer. Curr. Opin. Oncol. 2019, 31, 13-17. [CrossRef] [PubMed]

Hamid, O.; Robert, C.; Daud, A.; Hodi, ES.; Hwu, W.J.; Kefford, R.; Wolchok, J.D.; Hersey, P.; Joseph, RW.;
Weber, ].S.; et al. Safety and tumor responses with lambrolizumab (anti-PD-1) in melanoma. N. Engl. ]. Med.
2013, 369, 134-144. [CrossRef] [PubMed]

Topalian, S.L.; Hodi, ES.; Brahmer, J.R.; Gettinger, S.N.; Smith, D.C.; McDermott, D.F,; Powderly, ].D.;
Carvajal, R.D.; Sosman, J.A.; Atkins, M.B.; et al. Safety, activity, and immune correlates of anti-PD-1 antibody
in cancer. N. Engl. ]. Med. 2012, 366, 2443-2454. [CrossRef] [PubMed]

Chang, L.S.; Barroso-Sousa, R.; Tolaney, S.M.; Hodji, E.S.; Kaiser, U.B.; Min, L. Endocrine Toxicity of Cancer
Immunotherapy Targeting Immune Checkpoints. Endocr. Rev. 2019, 40, 17-65. [CrossRef] [PubMed]
Nishino, M.; Hatabu, H.; Hodi, F.S. Imaging of Cancer Immunotherapy: Current Approaches and Future
Directions. Radiology 2019, 290, 9-22. [CrossRef]

Sibbitt, W.L., Jr.; Bankhurst, A.D.; Jumonville, A.].; Saiki, ].H.; Saiers, ].H.; Doberneck, R.C. Defects in natural
killer cell activity and interferon response in human lung carcinoma and malignant melanoma. Cancer Res.
1984, 44, 852-856.

Al Omar, S.Y.; Marshall, E.; Middleton, D.; Christmas, S.E. Increased killer immunoglobulin-like receptor
expression and functional defects in natural killer cells in lung cancer. Immunology 2011, 133, 94-104.
[CrossRef]

Richards, J.O.; Chang, X.; Blaser, B.W.; Caligiuri, M.A.; Zheng, P; Liu, Y. Tumor growth impedes
natural-killer-cell maturation in the bone marrow. Blood 2006, 108, 246-252. [CrossRef]

Sung, PS.; Jang, J.W. Natural Killer Cell Dysfunction in Hepatocellular Carcinoma: Pathogenesis and Clinical
Implications. Int. . Mol. Sci. 2018, 19, 3648. [CrossRef] [PubMed]

Xu, X,; Li, J.; Zou, J.; Feng, X.; Zhang, C.; Zheng, R.; Duanmu, W.; Saha-Mandal, A.; Ming, Z.; Wang, E.
Inherited defects in natural killer cells shape tumor immune microenvironment, clinical outcome and
immunotherapy response. BioRxiv 2018, 471912. [CrossRef]

Tansey, W.P. Mammalian MYC Proteins and Cancer. New J. Sci. 2014, 27. [CrossRef]

Casey, S.C.; Baylot, V.; Felsher, D.W. The MYC oncogene is a global regulator of the immune response. Blood
2018, 131, 2007-2015. [CrossRef] [PubMed]


http://dx.doi.org/10.1158/1078-0432.CCR-13-1766
http://www.ncbi.nlm.nih.gov/pubmed/24987108
http://dx.doi.org/10.1615/CritRevOncog.2014011091
http://www.ncbi.nlm.nih.gov/pubmed/24941379
http://dx.doi.org/10.3389/fimmu.2017.00654
http://www.ncbi.nlm.nih.gov/pubmed/28649246
http://dx.doi.org/10.1172/JCI99317
http://www.ncbi.nlm.nih.gov/pubmed/30198904
http://dx.doi.org/10.1038/sj.onc.1210414
http://dx.doi.org/10.1186/1476-4598-5-31
http://dx.doi.org/10.1073/pnas.0802785105
http://dx.doi.org/10.1038/sj.onc.1202749
http://dx.doi.org/10.1080/14712598.2019.1556637
http://www.ncbi.nlm.nih.gov/pubmed/30537444
http://dx.doi.org/10.1097/CCO.0000000000000497
http://www.ncbi.nlm.nih.gov/pubmed/30325753
http://dx.doi.org/10.1056/NEJMoa1305133
http://www.ncbi.nlm.nih.gov/pubmed/23724846
http://dx.doi.org/10.1056/NEJMoa1200690
http://www.ncbi.nlm.nih.gov/pubmed/22658127
http://dx.doi.org/10.1210/er.2018-00006
http://www.ncbi.nlm.nih.gov/pubmed/30184160
http://dx.doi.org/10.1148/radiol.2018181349
http://dx.doi.org/10.1111/j.1365-2567.2011.03415.x
http://dx.doi.org/10.1182/blood-2005-11-4535
http://dx.doi.org/10.3390/ijms19113648
http://www.ncbi.nlm.nih.gov/pubmed/30463262
http://dx.doi.org/10.1101/471912
http://dx.doi.org/10.1155/2014/757534
http://dx.doi.org/10.1182/blood-2017-11-742577
http://www.ncbi.nlm.nih.gov/pubmed/29514782

Int. J. Mol. Sci. 2019, 20, 756 11 0f 11

35.

36.

37.

Muntasell, A.; Ochoa, M.C.; Cordeiro, L.; Berraondo, P.; Lopez-Diaz de Cerio, A.; Cabo, M.; Lopez-Botet, M.;
Melero, I. Targeting NK-cell checkpoints for cancer immunotherapy. Curr. Opin. Immunol. 2017, 45, 73-81.
[CrossRef] [PubMed]

Guillerey, C.; Huntington, N.D.; Smyth, M.]. Targeting natural killer cells in cancer immunotherapy.
Nat. Immunol. 2016, 17, 1025-1036. [CrossRef]

Dahlberg, C.I; Sarhan, D.; Chrobok, M.; Duru, A.D.; Alici, E. Natural Killer Cell-Based Therapies Targeting
Cancer: Possible Strategies to Gain and Sustain Anti-Tumor Activity. Front. Immunol. 2015, 6, 605. [CrossRef]

@ © 2019 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://dx.doi.org/10.1016/j.coi.2017.01.003
http://www.ncbi.nlm.nih.gov/pubmed/28236750
http://dx.doi.org/10.1038/ni.3518
http://dx.doi.org/10.3389/fimmu.2015.00605
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Reduced c-myc mRNA Expression in NK Cells in Cancer Patients 
	Decrease in c-Myc Protein Production in NK Cells from Cancer Patients 
	MAPK Activity in NK Cells from Cancer Patients 
	Defect of Cell Cycle in NK Cells from Cancer Patients 


	Discussion 
	Materials and Methods 
	Patients and Samples 
	Purification of NK Cells 
	SmartFlare™ RNA Detection Assay 
	Detection of c-Myc Protein Production 
	MAPK Activation Dual Detection Assay 
	Cell Cycle Assay 
	Statistical Analysis 

	References

