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Abstract

Altered expressions of proto-oncogenes have been reported during normal lymphocytes mitogenesis and in T and B lym-
phocytes in patients with autoimmune diseases. We have recently demonstrated a significantly decreased expression of c-kit
and c-Myc in NK cells isolated from patients with cancer, which might be related to the functional deficiency of NK cells
in the tumor environment. Here, focusing on the regulatory mechanisms of this new clinical phenomenon, we determined
expression of c-Myc, Notch1, Notch2, p-53, Cdk6, Rb and phosphorylated Rb in NK cells isolated from the healthy donors
and cancer patients. The results of our study revealed a significant down-regulation of expression of Notch receptors and up-
regulation of Cdk6 expression in NK cells in cancer, while no significant changes in the expression of p53 and Rb proteins
were seen. These data revealed novel signaling pathways altered in NK cells in the tumor environment and support further
investigation of the origin of deregulated expression of proto-oncogenes in NK cells patients with different types of cancer.
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Introduction

Cancer is a complex disease primarily driven by diver-
gent signaling pathways of oncogenes and associated with
the development of the tumor microenvironment. Onco-
genes contribute to cancer development and diversity not
only by inducing proliferation but also by developmental
reprogramming of the epigenome [1]. Therefore, the tumor
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microenvironment is characterized by variable and dynamic
patterns of cellular diversity, which leads to intratumoral
heterogeneity, genetic and epigenetic diversification, growth
dynamics and sensitivity to specific treatments.

Members of the Myc family of proto-oncogenes are the
most commonly deregulated genes in human neoplasms.
Myc proteins drive an increase in cellular proliferation and
facilitate multiple aspects of tumor initiation and progres-
sion, thereby controlling all hallmarks of cancer [2]. For
instance, c-Myc is a well-known transcription factor playing
diverse roles in cell cycle progression, apoptosis and longev-
ity during embryogenesis and oncogenesis; elevated expres-
sion of c-Myc is associated with aggressive carcinogenesis
and a poor clinical outcome [3, 4]. However, involvement of
oncogenes in cancer development is not limited to the trans-
forming effect on malignant cells. Recently, Myc expres-
sion at the tumor site has been shown to regulate the tumor
microenvironment through its effects on both innate and
adaptive immune effector cells and immune regulatory path-
ways [3, 6]. Furthermore, Myc is suggested to be one of the
essential transcriptional factors required for TCR-mediated
signaling, T cell proliferation and survival, Th2 and Th17
differentiation [7, 8]. It regulates macrophage proliferation
and metabolism [9], tolerogenic phenotype of dendritic cells
[10] and germinal center B cell development and activation
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[11]. However, the function of immune cell oncogenes in
tumor-bearing host is mostly unknown.

We have recently tested whether the c-Myc may be
involved in the mechanism of NK cell abnormalities in
patients with lung and gastric cancer by analyzing c-Myc
mRNA and protein expression, MAPK and STAT3 activity,
cell cycle and cell longevity in peripheral blood NK cells
harvested from healthy donors and patients with cancer.
Our results revealed a significantly decreased expression of
c-Myc mRNA and protein, mitotic arrest of NK cells in dif-
ferent phases of cell cycle and a significant deregulation of
NK cell death in cancer patients [12, 13]. These data allow
speculating that defects of NK cell-mediated tumor surveil-
lance may be associated with disturbed c-Myc expression
in these cells in patients with cancer [14]. Interestingly,
changes in proto-oncogene in NK cells in the tumor envi-
ronment were different from those described in neoplastic
cells. Proto-oncogenes themselves or suppressor genes that
regulate them are often mutated in cancerous cells and this
usually activates metabolic processes and enhances cell pro-
liferation. But the defect of proto-oncogenes in NK cells
was mostly associated with a decreased mRNA and pro-
tein expression. This raises the question about the origin of
the proto-oncogene defects in NK cells in cancer. Marked
phenotypic and functional alterations of NK cells in the
tumor environment in vitro and in vivo have been repeatedly
described. Alterations include changed decreased cytotox-
icity and reduced IFN-y production [12, 13]. Furthermore,
c-Myc is involved in IL-15 signaling pathway, which is criti-
cal for NK cell maturation and homeostasis.

The deregulation of proto-oncogene Myc plays a key role in
human oncogenesis, but in contrast to other proto-oncogenes,
whose activity is due to mutation or truncation, Myc deregula-
tion may be associated with the protein overexpression [15].
Potential mechanisms of c-Myc upregulation include gene
amplification, regulation by the tissue-specific noncoding
long-range enhancers and transcriptional upregulation [16].
For instance, one model states that the tumor suppressor p53
mediates transcriptional repression of c-Myc via a mechanism
that involves binding to the c-myc promoter and elevation of
histone deacetylation [17]. As p53 has been associated with
the recruitment of histone deacetylases to its repressed gene
targets [18], a similar repression mechanism may operate at
the c-Myc promoter. Thus, the loss function of mutated p53
onco-repressor can lead to over-expression of c-Myc in can-
cer cells; although early reports suggest that this may involve
transcriptional repression, new data suggest that p53-inducible
miRNA(s) and subsequently repressed c-Myc are new play-
ers in p53/c-Myc regulatory network [19]. Interestingly, pS3
has been reported to also regulate NK cell functional matura-
tion [20]. Analysis of p53 expression at various stages of NK
cell development revealed a lower level of p53 expression in
less mature cell subsets compared to more mature cells. Thus,
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it is important to understand the functional significance of
p53-dependent and p53-independent deregulation of c-Myc
expression in NK cells seen in patients with cancer.

C-Myc functioning is regulated by several signal transduc-
tion pathways. For instance, c-Myc is one of the downstream
targets of Notch signal transduction [21]. Notch1 can directly
bind to the c-Myc promoter and signals from Notch recep-
tors drive c-Myc-mediated cellular growth and metabolism.
Importantly, Notchl and Notch2, but not Notch3 and Notch 4,
are expressed in human peripheral blood NK cells [22], and
the Notch signaling pathway plays a substantial role in human
NK cell development and function [23]. For instance, Notch
ligands have been shown to have differential ability to induce
and expand immature, but functional, NK cells from CD34"
human hematopoietic progenitor cells suggesting that Notch
signaling is important for the physiologic development of NK
cells at differentiation stages [24]. Activation of Notchl in NK
cells can also lead to an increased secretion of IFN-gamma
production [22] demonstrating the importance of this signaling
in NK cell function.

At the same time, involvement of c-Myc in NK cell pro-
liferation has not been yet investigated, although we have
reported a few correlational abnormalities in NK cell isolated
from cancer patients including the cell cycle arrest of NK cells
in the GO/G1 phase [12, 13]. In normal cells, Myc levels are
nearly undetectable during quiescence, while Myc mRNA and
proteins are rapidly induced upon cell cycle entry and remain
relatively constant during cell cycle progression [25]. In fact,
high expression of c-Myc leads to a shortened G, phase, while
reduced c-Myc expression causes lengthening of the cell cycle
[26]. Cyclin-dependent kinase 6 (Cdk6) plays a vital role in
regulating the progression of the cell cycle in part via con-
trolling activity of tumor suppressor retinoblastoma protein
Rb [27]. The absence of c-Myc during the GO-to-S phase
transition can significantly reduce Cdko6 activity and result in
delayed of Rb phosphorylation [28]. However, there are no
data investigating a potential alteration of Rb and Cdk6 expres-
sion and activity associated with the mitotic arrest of NK cells
in GO/G1 phase of the cell cycle reported in cancer patients.

These findings prompted us to ask which mechanisms
may coordinate expression of proto-oncogene c-Myc in NK
cells in cancer patients. Our studies show a significant down-
regulation of Notch1 receptor expression on peripheral blood
NK cells in cancer patients with no significant changes in
p53 expression or Rb activation in the same cells.

Materials and methods
Patients’ samples

Peripheral blood specimens were collected from 35 patients:
25 men and ten women [median age 68 (36-79)]. Twenty
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patients (13—men and 7—women) had lung cancer (adeno-
carcinoma—16 cases, squamous cell carcinoma—4 cases,
including 3 patients with metastases in the mediastinum)
and 15 patients were with cancer of the gastrointestinal tract
including gastric cancer (all adenocarcinomas—9 cases) and
esophageal cancer (adenocarcinoma—1 cases and squa-
mous cell carcinoma—35 cases, 4 patients with metastases
in the lymph nodes and lungs). Stages of lung cancer were:
[-1I—6 patients, [II—14 patients, IV—1 patient. Stages of
gastric cancer were: II—4 patients, III—10 patients, IV—1
patient. Blood specimens were collected prior to the surgi-
cal and chemotherapy procedures. Healthy controls [n=17,
seven men and ten women with median age 55 (46-67)]
were recruited from the personnel of the laboratories of the
Research Institute of Fundamental and Applied Medicine.
All studies were approved by the Institutional Review Board
and all patients and healthy donors provided signed writ-
ten informed consent for sample acquisition for research
purposes.

Purification of NK and CD3" T cells

PBMC were isolated from the peripheral blood by Ficoll-
Paque PLUS (Life Technologies, USA) density gradient
centrifugation (2-16KL centrifuge, Sigma, Germany). NK
cells were negatively selected using DynaMag Magnet
with Dynabeads Untouched Human NK Cells Isolation kit
(Life Technologies). T cells were isolated from PBMC by
positive selection using DynaMag Magnet with Dynabeads
Untouched Human CD3 microbeads (Life Technologies).
The purity of the cell subsets was confirmed by flow cytom-
etry (FACSCanto II, BD Biosciences, USA) using specific
CD56 and CD16 monoclonal antibodies conjugated with
FITC and PerCP and specific CD3 monoclonal antibodies
labeled with FITC (BD Biosciences, USA) as described ear-
lier !°. Data analysis was performed with BD FACSDiva
Software. The purity of isolated NK cells was typically
around 95% and potential contamination with NKT cells
was less than 1% according to the manufacturer procedure.

Detection of Notch1, Notch2, p53, Cdk6 and Rb
protein expression

Notchl and Notch2 transmembrane proteins were detected
on the surface of isolated NK cells using APC-conjugated
mouse anti-human Notchl and PE-conjugated anti-human
Notch2 monoclonal antibodies (BioLegend, USA). For the
intracellular p53 and Cdk6 expression, isolated NK cells
were fixed (BD Phosflow Fix Buffer I) for 10 min at 37 °C,
then permeabilized (BD Phosflow Perm Buffer III) on ice
for 30 min, and then stained with FITC-conjugated mouse
monoclonal anti-human p53 antibody (BioLegend) or Cdk6
antibody (Santa Cruz Biotechnology, USA). Intracellular

expression of the total and phosphorylated (pS807/pS811)
Rb proteins in fixed and permeabilizated NK cells was
assessed using FITC-conjugated mouse monoclonal anti-Rb
(IF8, Santa Cruz Biotechnology) and PE-conjugated mouse
anti-Rb (pS807/pS811) (Phosflow, BD Biosciences) anti-
bodies, respectively, in the same cells. Positive cells were
assessed by flow cytometry on FACSCantoTM II (BD Bio-
sciences) and analyzed by BD FACSDiva Software.

SmartFlare RNA detection assay

Isolated CD3" T cells were incubated in RPMI-1640
medium (Sigma-Aldrich, USA) supplemented with 10%
FCS (Sigma-Aldrich) in 96-well flat bottom plates (Corning,
USA) at 37 °C, 5% CO, for 20 h in the presence of Smart
Flare MYC, Human, Cyanine 5 according to the manufac-
turer’s instructions (Merck Millipore, USA). Control probes
were: (i) Cellular uptake control; (ii) Scramble control for
specificity and (iii) Housekeeping control—the /8s gene.
Fluorescence was detected by flow cytometry on BD FAC-
SCantoTM II.

Statistical analysis

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

Results

Reduced Notch1 expression in NK cells in cancer
patients

Expression of Notchl transmembrane receptor was deter-
mined on the surface of the peripheral blood NK cells iso-
lated from patients with lung and GI cancer and healthy
donors (Fig. 1).

MFI data revealed that the expression of Notchl protein
on NK cells in patients with both lung cancer (803 +29)
and gastric cancer (631 +65) was significantly reduced com-
pared with the expression of Notchl protein on NK cells
from healthy volunteers (1001 +75) (p <0.03 and p < 0.002,
respectively). These results together with our previous data
showing decreased expression of c-Myc in NK cells in
patients with lung and gastric cancer [13] allow speculating
about potential functional link between dysregulated Notch1
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Fig. 1 Differences in Notchl 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.
The relative Notchl expression was determined by flow cytometry on
stained NK cells from healthy donors, patients with lung and gastric

and c-Myc expression in NK cells in cancer. In fact, recent
data identified c-Myc as an essential mediator of Notchl
signaling in lymphocytes and integrated Notchl activation
with oncogenic signaling pathways upstream of c-Myc [21,
29]. Figure 1 results also raised a question about Notch2
expression on the same NK cells.

Differential expression of Notch2 on NK cells
in patients with lung and gastric cancer

Expression of Notch2 transmembrane receptor was esti-
mated on the surface of the same peripheral blood NK cells
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Fig.2 Differences in Notch2 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.
Notch2 expression was determined by flow cytometry on stained
isolated peripheral NK cells from healthy donors, patients with lung
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isolated from patients with lung cancer and gastric cancer
in comparison to healthy donors (Fig. 2).

Unlike Notchl expression, changes in Notch2 expres-
sion were not observed in all patients with cancer. NK
cells obtained from patients with lung cancer expressed
the similar levels of Notch2 (341 +33) as NK cells from
healthy donors (389 +28) (p=0.285). However, expression
of Notch2 on NK cells in patients with gastric cancer was
significantly reduced compared to the expression of Notch2
on NK cells from healthy donors (276 +23) (p <0.005).
This cancer-specific dysregulation of Notch2 expression
on NK cells may suggest involvement of different path-
ways in Notch functioning and requires correlation with the
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and gastric cancer. a The results of flow cytometry data from a repre-
sentative experiment are shown. b Data of mean fluorescent intensity
(MFI) are shown as the mean+SEM (one-way ANOVA, N=15-29).
*#p<0.01
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expression or activation of other signaling molecules in NK
cells.

Expression of p53, Cdké, total Rb and pRb in NK cells
from cancer patients and healthy donors

Our results revealed no statistically significant differences
in p53 expression in NK cells between healthy donors
(219 £ 17) and patients with lung (174 + 19) and gastric
cancer (208 +17, p=0.107 and p=0.679, respectively).
Similarly, we did not reveal any significant differences in
the expression of total and activated Rb in NK cells from
healthy donors (Rb 808 +51 and pRb 6201 +726) and
NK cells from patients with lung (Rb 737 + 66 and pRb
4666 +499, p=0.2 and p=0.103, respectively) and gas-
tric cancer (Rb 874 + 87 and pRb 5544 + 546, p=0.26 and
p=0.481, respectively). However, expression of Cdk6 in
NK cells demonstrated cancer-specific differences. It was
significantly upregulated in NK cells from gastric cancer
group (2676 =235, p=0.030), but not in lung cancer group
(2043 + 158, p=0.994) when compared with healthy volun-
teer results (2045 +132) (Fig. 3).

Reduced expression of c-Myc mRNA in CD3 T cells
in cancer patients

We have recently reported a reduced expression of c-Myc
in NK cells obtained from patients with cancer [12, 13].
Because both T cells and NK cells are developed from a
common lymphoid precursor, we next evaluated c-Myc
mRNA in the general population of CD3 T cells obtained
from cancer patients and healthy donors. Our results
revealed a significant decrease in c-Myc mRNA expression
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Fig. 3 Differences in the levels of Cdk6 expression in NK cells har-
vested from healthy donors and cancer patients. NK cells were iso-
lated from the peripheral blood samples by negative selection using
Dynabeads. Cdk6 expression was determined by flow cytometry
intracellularly in NK cells from healthy donors, patients with lung

in CD3* T cells in cancer patients (6 patients with lung and
3 with gastric cancer). T cells in healthy donors expressed
41194953 c-myc mRNA and cancer patients—556 + 160
(p=0.001) (Fig. 4).

These results suggest that dysregulation of c-Myc expres-
sion may originate from the early stages of lymphoid cell
differentiation.

Discussion

The main goal of these studies was to continue exploring the
mechanisms of abnormal expression and function of proto-
oncogenes in human NK cells harvested from patients with
different types of cancer. Based on our early data showing
altered appearance of c-Myc in NK cells in cancer [12, 13]
and the fact that Notch signaling is involved in NK cell
development [23, 37], we hypothesized that a decrease in
c-Myc expression might be associated with the changed
Notch signaling in the same cells. This hypothesis was also
supported by clinical data showing that Notch-induced sign-
aling pathway accounts for the c-Myc expression in normal
and malignant T cells [23, 30]. Our results here demon-
strated that the expression of Notchl receptor on NK cells
was significantly down-regulated in all tested cancer patients
(Fig. 1) regardless of the disease stage and the presence of
metastases. Interestingly, Notch2 receptor expression was
significantly reduced only in patients with gastric cancer
when compared to healthy volunteers (Fig. 2). Thus, it is
possible that a decrease in Notchl expression, as well as
in c-Myc expression, is a common feature of an immune
abnormalities in NK cells seen in cancer patients, whereas
a tumor-specific nature of Notch?2 alterations in NK cells
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and gastric cancer. a The results of flow cytometry data from a repre-
sentative experiment are shown. b Data of mean fluorescent intensity
(MFI) are shown as the mean+SEM (one-way ANOVA, N=17-32).
*p<0.05
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Fig.4 Differences in c-myc mRNA expression in T cells harvested
from healthy donors and cancer patients. T cells were isolated from
the peripheral blood samples by positive selection using BD IMag™
anti-human CD3 Particles DM, incubated in complete medium for
20 h. C-myc-mRNA expression in peripheral T cells from healthy

might suggest a more complex tissue-specific mechanism of
NK cell regulation by Notch ligands. For instance, sustained
Notch signaling can induce common lymphoid progenitor
commitment to NK cell differentiation, although these NK
cells might be immature in their cytokine production pro-
file, hyporesponsive and poorly acquiring NK cell receptors
involved in self-tolerance and effector function [31]. Fur-
ther studies are needed to reveal mechanisms of abnormal
expression of Notch receptors in NK cells in cancer and to
directly prove their functional involvement in down-regulat-
ing c-Myc expression in the same NK cell subsets.
Relatively little is known concerning NK cell homeo-
stasis, maintenance and turnover in patients with different
forms of cancer. To gain more insight into NK cell dynam-
ics, we have recently investigated the cell cycle status, turno-
ver and apoptosis rates of NK cells in normal and cancerous
conditions. We have reported an NK cell cycle arrest in the
GO0/G1 phase in cancer patients [13]. Therefore, here we
have focused on potential alterations of the G, cell cycle
kinase Cdk®6 as this kinase is a catalytic subunit of the pro-
tein kinase complex important for the G1-phase progression
and G1/S transition of the cell cycle [32]. Interestingly, we
found an increased expression of Cdk6 in NK cells isolated
from patients with gastric, but not lung cancer when com-
pared with the results seen in healthy donors (Fig. 3). Similar
to the Notch2 expression (Fig. 2), alterations of Cdk6 in NK
cells were cancer type-specific, but, contrary to the Notch2
expression, expression of Cdk6 was upregulated in NK cells
from cancer patients. Although it was shown that the expres-
sion of Cdk6 could be Notch-dependent both in vitro and
in vivo in human T cell acute lymphoblastic leukemia [33],
nothing is known about Notch-associated regulation of G,
proteins in non-transformed NK cells in health and diseases.
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Our data provide a new model for investigating these crossed
signaling pathways in immune cells in cancer.

Activation of cyclin-dependent kinases, including Cdko6,
at specific time points during the cell cycle regulates phos-
phorylation and inactivation of the retinoblastoma protein.
Based on the data suggesting the possibility that the pre-
mature and prolonged enhancement of Cdk activity in NK
cells may be associated with, and therefore may contrib-
ute to, the reduced expression and phosphorylation of Rb,
and the associated cell cycle arrest [34], our next task here
was to assess a potential involvement of activated Rb in the
abnormal NK cell cycling in cancer. However, no significant
changes in the expression of the total and phosphorylated
Rb in NK cells isolated from cancer patients were revealed.
Altogether our results allowed concluding that NK cell cycle
arrest in cancer patients in the GO/G1 phase is associated
with the reduced c-Myc expression and mediated by Notch
signaling and Cdk6 function, while likely being p53- and
Rb-independent. In fact, previous studies revealed the onco-
genic potential of aberrant Notch signaling in primary and
transformed lymphocytes through its deregulation of the cell
cycle [33].

In agreement with this, our studies also suggest that the
defects of NK cells in cancer patients may be associated with
an uncharacterized disturbance of the hematopoietic progen-
itor cells, in particular, the common lymphoid precursors. In
cancer, the failure of T lymphocytes, similarly to NK cells,
to eradicate transformed cells is mainly attributed to the dys-
functional hyporesponsive phenotype [35]. T cell exhaus-
tion and senescence induced in the tumor environment are
central dysfunctional states of immune effectors found in
cancer patients, which hamper active antitumor immunity
and immunotherapy and sustain the suppressive properties
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of the tumor microenvironment [36]. Importantly, several
observations suggest that exhausted T cells acquire epige-
netic modifications that are distinguishable from those of
effector T cells [37]. Here, we tested whether c-Myc expres-
sion in T cells from cancer patients could be down-regulated
in a manner similar to the expression in NK cells from the
same patients. As shown in Fig. 4, c-Myc expression in T
cells harvested from patients with lung and gastric cancers
was significantly reduced when compared with the results
obtained in healthy donors.

Comparative decrease in c-Myc expression in both NK
and T cells in cancer might suggest a wider distribution of
c-Myc dysregulation in immune cells, for instance, in com-
mon lymphoid precursors. Though this hypothesis requires
experimental verification, it is well supported by emerging
evidence indicating that cancer induces alterations of the
myelopoietic output, defined as emergency myelopoiesis
[38]. This pathway, which leads to the generation of different
myeloid populations endowed with tumor-supporting activi-
ties, is the result of a multistep process encompassing initial
events originating into the bone marrow [39]. For instance,
cancer-induced abnormalities in differentiation and function
of early-stage committed unipotent and lineage-specific neu-
trophils, monocytes, immature myeloid progenitors in the
bone marrow have been repeatedly reported [40—43]. While
normal hematopoiesis requires the precise orchestration of
lineage-specific patterns of gene expression at each stage of
development via epigenetic regulators, disordered epigenetic
regulation has emerged as a key mechanism contributing
not only to hematological malignancies, but also to solid
tumors. Epigenetic mechanisms, which involve DNA modifi-
cation, covalent histone modification and RNA interference,
result in the heritable downregulation or silencing of gene
expression without a change in DNA sequences. Epigenetic
modification of myeloid precursor functional plasticity leads
to the remodeling of its characteristics, therefore refram-
ing the microenvironment towards countering tumor growth
and metastasis [44]. Similar mechanisms can be suggested
for the lymphopoiesis in cancer, including NK cell develop-
ment, but direct evidence is still missing. Understanding the
biology and behavior of NK cell generation, differentiation
and deregulation in the tumor environment should allow the
development of new therapeutic targets for a variety of NK
cell-related diseases, including cancer.
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