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Cancer microenvironment is complex and consists of various immune cells. There

is evidence for mast cell (MC) infiltration of tumors, but their role thereof is poorly

understood. In this study, we explored the effects of mast cell and their mediators on

the growth of hematological cancer cells. The affect is demonstrated using RBL-2H3

MCs, and YAC-1, EL4 and L1210 as hematological cancer cell lines. Direct contact

with MCs or stimulation by their mediators caused growth inhibition of YAC-1 cells,

growth enhancement of EL4 cells and no change in growth of L1210 cells. This effect

was confirmed by cancer cell recovery, cell viability, mitochondrial health, and cell cycle

analysis. MCs showed mediator release in direct contact with tumor cells. MCmediators’

treatment to YAC-1 and EL4 yielded exactly opposite modulations of survival markers,

Survivin and COX-2 and apoptosis markers, Caspase-3, Bcl-2, in the two cell lines.

Histamine being an important MC mediator, effect of histamine on cell recovery, survival

markers and expression of various histamine receptors and their modulation in cancer

cells was studied. Again, YAC-1 and EL4 cells showed contrary histamine receptor

expression modulation in response to MC mediators. Histamine receptor antagonist

co-treatment with MC mediators to the cancer cells suggested a major involvement of

H2 and H4 receptor in growth inhibition in YAC-1 cells, and contribution of H1, H2, and

H4 receptors in cell growth enhancement in EL4 cells. L1210 showed changes in the

histamine receptors’ expression but no effect on treatment with receptor antagonists.

It can be concluded that anti-cancerous action of MCs or their mediators may include

direct growth inhibition, but their role may differ depending on the tumor.

Keywords: mast cells, mast cell mediators, tumor cells, lymphoid neoplasms, histamine receptors, apoptosis

INTRODUCTION

Cancer can be characterized by indefinite multiplication, promotion of metastasis, and invasion by
evading growth suppressors, defying apoptosis, invigorating angiogenesis, signaling to proliferate
constantly, evade immune destruction, exclusion of cell energy limitation, instability in the genome
and multiple mutations, and enhanced inflammation in tumors (1). Cancer microenvironment
is complex and comprises various types of cells like endothelial cells, fibroblast, and immune
cells. It also consists of cytokines, extracellular matrix (ECM), growth factors etc. surrounding
the tumor cells. Solid tumors are complex heterogeneous structures comprising cancer and
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stromal cells embedded in an ECM and fed by the vascular
network. The tumor tissue is linked with an altered ECM and
fibroblasts which synthesize growth factors, chemokines, and
adhesion molecules. Whereas, bone marrow makes the tumor
microenvironment for hematologic malignancies, with blood
vessels and peripheral lymphoid organs that provide cytokines
and growth factors for tumor growth and survival (2). Along
with this some soluble factors like VEGF and G-CSF and
many others are present that maintain the growth and survival
of hematologic tumors. Cancer cells in the solid tumors and
hematological malignancies receive survival signals from the
tumor microenvironment and it is therefore an important factor
affecting the cancer treatments (3).

It is established that immune cells infiltrate cancer
microenvironment with much focus on the T-lymphocytes,
natural killer (NK) cells, and dendritic cells (4). MCs have also
been found to infiltrate tumors and the role played by them in
the tumor microenvironment is favorable or damaging to tumors
dependent on tumor location, tumor stage, and chemotactic
agents in the microenvironment (5). MCs are well-known
as effectors of allergy and inflammation. MCs are spread in
various tissues all over the body, but a substantial number
of them are situated near blood vessels, nerves, and mucosal
surfaces, and prominently present in the dermis, hypodermis,
respiratory, and gastrointestinal tract (6). MC phenotype and
maturation, are influenced by the local microenvironment and
thereby their response to various stimuli by releasing an array
of biologically active mediators. These characteristics make MCs
as first responders in threats and also respond to changes in
their environment by communicating with a variety of other
cells implicated in physiological and immunological responses.
From past two decades, MCs have been acknowledged due
to their participation in many physiological and pathological
processes. The most important feature of MC biology is the
presence of numerous secretory granules occupying the major
proportion of the cytoplasm of these cells (7). MCs activation
can bring about release of preformed mediators that are stored
in its cytoplasmic granules like biogenic amines (histamine,
serotonin), lysosomal enzymes (cathepsin B, cathepsin E, β-
hexosaminidase), cytokines, and growth factors [tumor necrosis
factor (TNFα), IL-4, VEGF]; neoformed lipid mediators that
are membrane lipid derived, like phospholipids (Prostaglandin
D2, Leukotrienes); and neosynthesized mediators that are
produced on transcriptional activation, like cytokines (IL-33,
IL-10, IL-12, TNFα), growth factors (GM-CSF, TGF-β, VEGF)
(8). The release of these MC mediators lead to a physiological or
pathophysiological event (9). Therefore, role of MCs is critical in
both infectious diseases like leishmaniasis, tuberculosis, chagas
disease (10), and non-infectious diseases like atherosclerosis,

Abbreviations: MCs, mast cells; ECM, extracellular matrix; qRT-PCR,

quantitative reverse transcriptase polymerase chain reaction; VEGF, vascular

epidermal growth factor; G-CSF, granulocyte-colony stimulating factor;

TNF, tumor necrosis factor; IL-4, interleukin-4; PBS, phosphate buffered

saline; DNP-BSA, 2,4-dinitrophenylated bovine serum albumin; MTT, 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; DMSO, dimethyl

sulfoxide; FITC, fluorescein isothiocyanate; 7AAD, 7-aminoactinomycin D.

asthma, arthritis, allergies (11) and also in cancer (12–14).
Hence to study the role of MCs in cancers is intriguing and is of
great importance.

MCs are attracted toward the tumor cells and recruited to
tumor microenvironment by chemotactic molecules expressed
by tumor cells themselves (15). MCs are the important source
of pro-angiogenic factors and also influence the progression
of cancer by modulating the cancer microenvironment by
producing matrix metalloproteinases (MMP-2, MMP-9), and
proteases (tryptase and chymase) that play a central role
in ECM degradation and allow cancer cells to invade the
microenvironment and metastasize to diverse locations (16).
MCs not only play a role in solid cancer but also in
hematological malignancies like lymphomas and leukemias. MCs
have been shown to increase angiogenesis in canine lymph
node lymphoma (17). Also MCs can be a good prognostic
markers as their numbers are increased in skin biopsies of
patients with cutaneous T cell lymphoma and cutaneous B
cell lymphomas (18). It has been found that tumors which
contains fibroblasts in the microenvironment, get affected by
the heparin. In a study of breast cancer, head and neck cancer,
lung cancer, ovarian cancer, and non-Hodgkin’s lymphoma, it
has been established that MCs release heparin which inhibits
tumor growth in co-culture of cancer cells with fibroblasts (19).
Out of all the mediators of MCs, Histamine is a mediator
of prime importance (20, 21). Histamine is a pre-formed
mediator present in the granules of MCs. Histamine exhibits
anti-proliferative effects in the experimental models of human
mammary cancer, melanoma, and cholangiocarcinoma (22).
Histamine even potentiates the effects of radiation therapy, as
seen in human breast cancer cells (22). Histamine is a growth
factor capable of regulating cell proliferation via its histamine
receptors (H1R, H2R, H3R, and H4R) (23–26). Histamine
receptors differ in their expression patterns and functions
and their activation mediates various biological effects (21).
Increasing evidences imply that MCs gather along the tumors
and could promote or suppress the tumor growth, migration,
invasion, metastasis depending on the stage, and localization
of tumor.

MCs have been found to play contrasting roles in cancer
but whether the role of these cells is favorable or damaging in
hematological malignancies is still unclear. The present study
is of great importance as nowadays there is much focus on
learning about the immune cells and their protective roles in
cancers. Therefore, we explored the mechanisms to increase our
understanding about the interaction of MCs and hematological
cancers. We found that MCs played differential roles in different
hematological malignancies of lymphoid origin and further we
looked into the receptors involved and their signaling. It is
known that MCs can influence the function of regulatory cells
of immune system therefore with our better understanding of the
mechanisms and pathways involved in the interaction of cancer
cells with MCs, we can further look into development of new
therapeutics to target the receptors or molecules involved in the
signaling that tackle the hematological malignancies with the help
of MCs or their mediators.
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MATERIALS AND METHODS

Animals
To isolate splenocytes, inbred C57BL/6, or SWISS mice (8–12
weeks age, 20–25 g) were used. The animals were safely housed in
Central Laboratory Animal Resource Facility at JNU, New Delhi
or obtained from the National Institute of Nutrition, Hyderabad,
India. Positive-pressure was maintained in the animal house
and temperature at 25◦C, relative humidity at 50%. The animals
were kept on a 12 h light/dark cycle maintaining pathogen
free conditions. Water and mouse chow were provided ad
libitum. Approval for the experimental protocols was taken from
Institutional Animal Ethics Committee (IAEC) JNU, New Delhi
(registration no: 19/GO/ReBi/S/99/CPCSEA) (IAEC: 13/2013).
Every experiment was conducted under relevant guideline
and regulations.

Isolation and Culture of Mouse
Splenocytes
Spleen cells were obtained from 8 to 12week old C57BL/6 or
SWISS mice using the method previously described by Alam
et al. (27). Briefly, spleen was isolated from mouse then gently
minced in PBS (Phosphate Buffered Saline). The cell suspension
was passed through nylon mesh and centrifuged at 391 g at room
temperature to obtain cell pellet. Erythrocytes were lysed using
sterile double distilled water. Double distilled water was then
neutralized by adding the same volume of 2X PBS. Suspension
was again centrifuged at 391 g at room temperature and the
cell pellet obtained was resuspended in Roswell Park Memorial
Institute-1640 medium (RPMI-1640) media (Sigma Aldrich)
containing 10% FBS (Gibco, Life technologies, Grand Island, NY,
USA) and β-mercaptoethanol (Sigma Aldrich). The cells were
counted in a haemocytometer and then used for the experiments.

Maintenance of Cell Lines
Murine T lymphocyte (EL4) and Murine lymphoblast (YAC-1)
cell lines were obtained from (ATCC, MD, USA). Lymphocytic B
cell (L1210) and B cell hybridoma (TIB-142) cells were obtained
from National Center for Cell Sciences (NCCS), Pune, India.
RBL-2H3 was a kind gift from Dr. Paul Roche, NIH, USA.
The cell lines, EL4 and TIB-142, were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) media (Sigma Aldrich) and
Murine lymphoblast; YAC-1 cells were cultured in RPMI media
(Sigma Aldrich). Media were supplemented with 300µg/ml
glutamine, 20mM HEPES (Sigma, MO, USA), 2 × 10−5 M β-
Mercaptoethanol, 40µg/ml gentamicin and 10% heat inactivated
Fetal Bovine Serum (FBS) (Gibco, Life technologies, Grand
Island, NY, USA). Rat Basophilic Leukemia (RBL-2H3) mast
cell line was cultured in media containing equal proportion of
Iscove’s Modified Dulbecco’s Medium (Gibco, Life technologies,
Grand Island, NY, USA) and Minimum Essential Medium Eagle
with Earle’s salts (Gibco, Life technologies, Grand Island, NY,
USA) media supplemented with 300µg/ml glutamine, 20mM
HEPES, 2 × 10−5 M, 2-Mercaptoethanol, 40µg/ml gentamicin
and 20% heat inactivated Fetal Bovine Serum (FBS) (28). All
the cells were maintained at 37◦C in humidified atmosphere
containing 5% CO2 (29). EL4, TIB-142, and YAC-1 cells were

maintained as suspension cultures and subcultured by harvesting
using centrifugation whereas RBL-2H3 cells were maintained as
adherent culture and subcultured by trypsinization and further
harvested using centrifugation. Description of various cell lines
used is given in Supplementary Table 1.

Stimulation of RBL Mast Cells (MCs) and
Generation of Mediators
Mast cell (RBL-2H3) exocytosis was induced by 2,4-
Dinitrophenylated Bovine Serum Albumin, DNP-BSA (was
a kind gift from Dr. Paul A. Roche, NCI, NIH, USA), as
described earlier (30). Briefly 0.3 × 106 cells/well were seeded
in 24 well plates and sensitized with DNP-specific IgE (TIB-
142 hybridoma culture supernatant) and then cross-linked
with 100 ng/ml DNP-BSA. Supernatants and lysates were
collected after 45min of exocytosis induction. The release of
β-hexosaminidase was determined by using an enzymatic assay
as described (31). For the experiments, mediators were collected
from RPMI (completely resting, where MCs were treated only
with RPMI), Resting MC (MC not sensitized with IgE but treated
with 100 ng/ml DNP-BSA), Sensitized MCs (MC treated with
IgE) and activatedMCs (MCwere sensitized with IgE and further
cross-linked with 100 ng/ml of DNP-BSA).

Preparation of Tumor Cell Conditioned
Supernatant and Stimulation of RBL-mast
Cells
0.15 × 106 tumor cells/well in 48 well plates were seeded in
RPMI PR− media and incubated for 6, 12, and 24 h. Tumor
cell conditioned supernatants were collected at 6, 12, and 24 h
(32). The supernatants were then used to stimulate 0.15 × 106

RBL cells/well seeded in 48 well plates for 6, 12, and 24 h. The
resting cells were treated with RPMI PR− media incubated at
37◦C for 6, 12, and 24 h in the same well plate. Supernatants and
lysates were collected from resting and tumor cell supernatant
treated RBL mast cells. As a positive control, RBL MCs were
activated with DNP-BSA using the protocol described above in
section Stimulation of RBL Mast Cells (MCs) and Generation of
Mediators. The release of β-hexosaminidase was determined by
using an enzymatic assay as described (31).

Co-culture of MCs and Tumor Cells in vitro
0.15 × 106 MC alone and along with tumor cells were cultured
for 6, 12, 24 h in 48 well plate, supernatants and lysates were
collected and release of β-hexosaminidase was determined by
using an enzymatic assay as described (31). 0.09 × 106 MC,
tumor cells and MCs along with tumor cells were cultured in
48 well plate for 48 h for the flow cytometry experiment. YAC-
1 + RBL were co-cultured in RPMI complete media and EL4 +

RBL was co-cultured in DMEM complete media. To calculate the
cell numbers at 48 h for the co-culture, total cells were counted
and then according to the percentage of the stained cells in the
co-culture obtained by flow cytometry, the number of tumor
cells and RBL cells were calculated. To calculate the number of
RBL cells in the coculture, the formula used is total number of
cells counted × percentage of stained cells (in the coculture)
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and divided by 100. Similarly to calculate the number of tumor
cells in the coculture, the formula used is total number of cells
counted × percentage of unstained cells (in the coculture) and
divided by 100. For the MTT assay, 0.01 × 106 of both MC and
tumor cells were co-cultured for 0, 12, 24, and 48 h with MC
mediators in 96 flat bottom well plate and growth was assessed.
For the transwell co-culture experiments, in the lower chamber
of transwell 0.3 × 106 tumor cells were seeded [Polycarbonate
membrane with 0.4-µm pore size, 6.5-mm diameter (Corning
Costar, Cambridge, MA)] and 0.3 × 106 MCs were added to the
top chamber of the transwell plate in 24 well plates. Later the
viability of MCs and tumor cells was evaluated through trypan
blue dye exclusion assay.

Detection of Cell Metabolic Activity by MTT
(3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide)
Assay
Cell proliferation and metabolic activity was assessed by
monitoring the conversion of MTT to formazan as described
earlier by Naqvi et al. (28). Briefly, seeding of cells was carried
out as 100µl/well in 96 well-flat bottommicrotiter plates. Tumor
cells were treated with mediators prepared in vitro from activated
or resting MCs or different concentrations of histamine (Sigma
Aldrich) for specific time periods. 20 µl of filter sterilized MTT
(5 mg/ml in PBS) was added at specific time points. After
incubating 4 h with MTT, formazan crystals that were formed
were dissolved in 100 µl sterile dimethyl sulfoxide (DMSO)
followed by incubation at 37◦C for 30min. The absorbance was
then measured at 595 nm with a Spectra Max M2 plate reader.
The growth curve was plotted as absorbance (blanked with
MTT+DMSO, without cells) against time. The experiment was
performed in triplicates.

Flowcytometric Analysis to Detect Cell
Surface Receptor
Briefly, 0.2 × 106 cells were suspended in staining buffer
containing PBS along with 2% FBS and 0.09% Sodium azide.
Before staining, cells were incubated on ice for 20min with anti-
mouse CD16/32 Fc block (1 µg for 1 × 106 cells) (Biolegand,
San Diego, CA, USA). Incubation was carried out with mouse
anti IgE- FITC or mouse anti IgE- PE (Biolegand, San Diego,
CA, USA) and also with their isotype controls for 30min on
ice. After staining, washing was done twice with PBS and cells
were immediately analyzed in flow cytometer. Ten thousand cells
were examined on BD FACS calibur by using Cell Quest Software.
The percentage calculation shown in the result was obtained by
dividing IgE-positive cells with total cells and multiplying by 100.

Detection of Apoptosis and Necrosis
Briefly, 0.1 × 106 cells were pre-treated with activated or resting
MC supernatants for specific time periods. Staining was done
using the method earlier described (28). Briefly, treated cells were
stained with two stains i.e., Fluorescein isothiocyanate (FITC)

conjugated Annexin V (Biolegand, San Diego, CA, USA) and 7-
Aminoactinomycin D (7AAD) (Biolegand, San Diego, CA, USA)
then washed with annexin binding buffer. Ten thousand cells
were analyzed by cell quest software using Flow cytometry BD
FACS Calibur.

Cell Cycle Analysis
The effect of resting or activatedMC supernatant on cell cycle was
determined by flow cytometry with propidium iodide PI (Sigma
Aldrich) staining of cells as described earlier (29). Briefly, 0.1
× 106 cells were pre-treated with mediators from activated or
resting MCs for 0, 12, 24 h. Cells were washed and then fixation
was done with 70% ethanol overnight at 4◦C. Treatment of fixed
cells with 80µg/mLRNase A (SigmaAldrich) and 50µg/mL PI in
saponin-EDTA at 37◦C for 30min was carried out. Ten thousand
events were acquired by cell quest software using Flow cytometry
BD FACS Calibur and analyzed using MOD FIT software after
appropriate gating, to determine the percentage of cells in each
phase of the cell cycle.

Estimation of Mitochondrial Membrane
Potential
The mitochondrial membrane potential (1ψ) of cells was
measured using Mitochondrial Membrane Potential Detection
Kit (Invitrogen) (33). Briefly 0.1× 106 cells were pre-treated with
activated or resting MC supernatants for 12, 24 h. Cells pellet
was washed twice with PBS and re-suspended in 5mM JC-1 and
incubated for 30min at 37◦C in dark. Fluorescence emission was
analyzed for 10,000 cells by flow cytometry (JC-1 monomers:
excitation wavelength 488nm, emission filter 530/30nm; JC-
1 aggregates: excitation wavelength 488nm, emission filter
585/42nm) using Cell Quest Software in BD FACS Calibur
(Becton Dickinson, USA).

Cell Viability Assay
Cells were pre-treated with activated or resting MC supernatants
or Histamine (10µM) (Sigma Aldrich) and/or Histamine
receptor antagonist Pyrilamine (10µM) (Sigma Aldrich),
Ranitidine (10µM) (Sigma Aldrich), and JNJ7777120 (10µM)
(Sigma Aldrich) in complete medium for specific time periods.
Viable cell number was counted by trypan blue dye exclusion
assay and hemocytometer.

Primer Designing
Mus musculus specific primers were designed for GAPDH,
Histamine Receptor1, Histamine Receptor2, Histamine Receptor3,
Histamine Receptor4, Survivin, COX-2 [prostaglandin-
endoperoxide synthase 2 (Ptg2)], genes using Primer-BLAST
software by setting the parameters as: 150–500 bp amplicon
size for reverse transcription PCR, 20–24 base long primer, GC
content of 50–55% with no self-complementarity. OligoCalc and
Multalign were used to further validate the primers designed.
Primer pairs used for PCR amplification are listed in the
Supplementary Table 2.
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Isolation of RNA and First Strand (cDNA)
Synthesis
Trizol chloroform method was used to extract RNA from cells
as described earlier (34). Briefly, Trizol-chloroform was added
to 5 × 106 cells and then isopropyl alcohol was used to pellet
down RNA from the aqueous layer. Seventy-five percent ethanol
was used to wash the pellet twice. RNA pellet was dried and
suspended in Tris/borate/EDTA (TBE) buffer. After confirming
the purity and integrity, the RNA was used to prepare cDNA.
M-MuLV RT enzyme (200 U/µl) (NEB) and Oligo (dT) 18
(50µM) (NEB) in a reaction mixture of 15–20 µl was used to
obtain cDNA which was used for the PCR amplification studies.
For the quantitative RT PCR, we standardized the amount of
RNA/reaction mix for the linear range.

Semi Quantitative Reverse Transcriptase
PCR
Amplification of cDNA obtained was done using gene specific
primers designed and listed in Supplementary Table 2. Briefly,
1 µl of cDNA sample was used to prepare a 10 µl reaction
mixture containing Taq Pol enzyme (5 U/µl) (NEB), dNTPs
mix (0.25mM) (NEB), Taq Pol enzyme buffer (1X) (NEB),
forward and reverse primer (0.2µM each), and Nuclease free
water (Genei). The tubes were placed in Mastercycler pro (with
vapo. protect, Eppendorf) for PCR amplification. The obtained
amplified PCR products were run on 1.8% agarose gel after
mixing with DNA loading dye. Gel electrophoresis was carried
out at 90V, bands visualized and the band intensity measured
using Quantity One Software version 4.6.5 (Basic) from BIO-
RAD. GAPDH was used as endogenous control.

Immunoblotting
Cells were pretreated with activated or resting mast cell
supernatants for 24 h. Cell lysate preparation was carried out
as described (35). In brief, cells were lyzed using the lysis
solution (50mM Tris, 1% Triton X-100, 0.1% SDS, 150mM
NaCl) containing protease and phosphatase inhibitors (5mM
iodoacetamine, 50mM PMSF, and 0.1mM TLCK) (Thermo
Scientific). The cell lysate was centrifuged at 20,854 g for 30min.
Protein were quantified using Bradford reagent and 40–60
µg protein was resolved on 12% SDS PAGE and transferred
onto the polyvinylidene difluoride (PVDF) membrane. Blocking
of membrane was carried out for 1 h by tris-buffered saline
containing 0.05% Tween-20, and 5% (w/v) non-fat dry milk.
Overnight incubation with primary antibody was carried out at
4◦C. Primary antibodies used are anti-mouse PARP antibody
(Cell Signaling Technology, Danvers, MA), anti-mouse Survivin
antibody (Cell Signaling Technology, Danvers, MA), anti-
mouse Caspase-3 antibody (Cell Signaling Technology, Danvers,
MA), anti- mouse BCL-2 antibody (Cell Signaling Technology,
Danvers, MA). After which incubation with secondary antibody
was carried out, the immune-reactive bands were visualized
using enhanced chemiluminescence method. The blots were
then washed and re-probed with loading control, anti-β-actin
antibody (Sigma).

Statistical Analysis
Each experiment was repeated at least three times and data are
plotted as mean ± SEM from data obtained from independent
experiments. To test for significance of differences between
different sets of data Non-paired Students t-test was done using
Sigma plot software. Comparisons were considered significant
at p< 0.05.

RESULTS

Inhibition of Growth of YAC-1 Cells on
Co-culture With RBL-MCs
Since MCs are an important component in tumor
microenvironment (36) and there may be important crosstalk
between MCs and tumor cells, the direct interaction between
MCs and three murine tumor cells of hematological origin
namely, two T cell lymphomas YAC-1 and EL4 and one leukemia
L1210 was studied. Initially, the direct interaction of MCs with
tumor cell in co-culture experiment was studied. RBL MCs were
distinguished from tumor cells based on their surface expression
of FcεRI receptor. They were co-cultured for 48 h and analyzed
through flow cytometry (Figure 1A). Co-culturing MCs with
YAC-1 cells resulted in a reduction of YAC-1 cell population
from 49± 0.3 to 37± 1.6% and increase inMCs population from
50± 0.3 to 63.1± 1.15% with increase in time interval from 0 to
48 h. We found that YAC-1 cells alone have increased from 0.1×
106 to 0.42 × 106 and RBL MCs cells alone have increased from
0.1 × 106 to 0.38 × 106 in 48 h (Figure 1B) whereas YAC-1 cells
co-cultured with RBLMCs, calculating cell numbers at 48 h from
the IgE staining percentages shown in the Figure 1A, YAC-1 cell
numbers were found to be 0.19 × 106 and RBL MC numbers
were 0.34 × 106 (Figure 1B). However, co-culturing RBL MCs
with EL4 cell line resulted in an increase of EL4 cell population
from 50 ± 0.4 to 68.9 ± 0.5% and a decrease in MCs population
from 50± 0.4 to 30.1± 0.6%, with increase in time interval from
0 to 48 h. We found that EL4 cells alone have increased from 0.1
× 106 to 0.53 × 106 and RBL MCs cells alone have increased
from 0.1 × 106 to 0.39 × 106 in 48 h (Figure 1B) whereas EL4
cells co-cultured with RBL MCs, calculating cell numbers at
48 h from the IgE staining percentages shown in the Figure 1A,
EL4 cell numbers were found to be 0.84 × 106 and RBL MC
numbers were 0.35 × 106 (Figure 1B). L1210 showed almost
equal proportions of stained and unstained cells or no change in
respective ratios of MCs and L1210 (50.78–47.87%). From the
above observations RBL MCs had growth inhibitory effect on
YAC-1 cells, growth promoting effect on EL4 cells, and no effect
on growth of L1210 cells.

The results suggested that RBL MCs may affect
tumor cells when in direct contact. To further assess the
cytotoxic/proliferative role MCs on tumor cells, MTT assay was
performed to investigate the metabolic activity of the tumor
cells (Figure 1C). MTT assay showed significant decrease in
absorbance of YAC-1 cells co-cultured with RBL MCs at 12,
24, and 48 h, respectively, as compared to the YAC-1 alone
(Figure 1C). On the other hand, RBL MCs co-cultured with EL4
showed opposite result in comparison to YAC-1. EL4 showed

Frontiers in Oncology | www.frontiersin.org 5 November 2019 | Volume 9 | Article 1280

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Paudel et al. Mast Cells Regulate Lymphoid Neoplasms

FIGURE 1 | Direct Effects of MC on the growth of tumor cells. (A) Direct effect of MCs on tumor growth was assayed using flow cytometry. 0.09 × 106 MCs, tumor

cells and MCs with tumor cells were cultured in 48 well plate for 48 h and incubated with IgE (1:100) ratio for 3 h. Cells were harvested, washed, blocked by Fc block

(Continued)
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FIGURE 1 | antibody and then stained with anti-IgE antibody (fluorescence conjugated) and analyzed on BD FACS Calibur using Cell Quest Software. (B) Effect of

co-culture on the cell recovery of tumor cells and MCs. The tumor cells were counted after 48 h of incubation with MCs. The cell recovery of tumor cells and MCs,

respectively, in the co-culture was calculated using the flow cytometry percentages as described in materials and methods. (C) 0.01 × 106 both MC and tumor cells

were co-cultured for 0, 12, 24, and 48 h with MC mediators in 96 flat bottom well plate and growth was assessed by MTT assay. (D) Co-culture experiment was

assayed by transwell. 0.3 × 106 tumor cells were cultured in lower chamber of a transwell polystyrene plate and 0.3 × 106 MCs to the top chamber of the transwell

plate in 24 well plates. Later the cell recovery of MCs as well as tumor cells was assessed through trypan blue dye exclusion assay. Data are expressed in as means ±

SEM of three separate experiments, each sample was counted in duplicate. Data was analyzed using t-test *p < 0.05, **p < 0.005, ***P < 0.0005, ns, not significant.

significant increase in metabolic activity at 12, 24, and 48 h when
RBLMCs and EL4 cells were co-cultured as compared to the EL4
alone. L1210 cells showed no change in absorbance values. These
results suggested that RBL MCs inhibited the metabolic activity
of YAC-1 cells, enhanced the metabolic activity of EL4 cells and
had no effect on metabolic activity of L1210 cells.

We further co-cultured the RBL MCs with tumor cells in a
transwell plate and observed the cell recovery after 48 h. The cell
viability of only YAC-1 cells showed a significant decrease upon
culture withMCs (Figure 1D). Comparing the direct and indirect
effect on the YAC-1 cells in percentages, it is 45% reduction cell
growth in direct contact whereas only 20% reduction in case of
indirect contact (transwell assay). These results suggested that
MCs can affect tumor cells mainly through direct contact than
indirect contact.

Mast Cell Secretion in Presence of YAC-1
Tumor Cells
To study the role of tumor cells or tumor microenvironment on
the mast cells, we further co-cultured the RBL MCs with YAC-
1 tumor cells in a 48 well plate and collected the supernatant
after 6, 12, and 24 h of incubation. From the supernatant we
performed β-hexosaminidase release assay and observed that
mast cells are activated and are degranulating in the presence
of YAC-1 tumor cells. 13.6, 34.8, 20.47% of β-hexosaminidase
was released from RBL mast cells when co-cultured with YAC-1
tumor cells for 6, 12, and 24 h (Figure 2A). We have also studied
the impact of tumor cell conditioned media on the degranulation
of RBL mast cells. For that, we have cultured YAC-1 tumor
cells in a 48 well plate for 6, 12, and 24 h and the supernatants
were then used to stimulate mast cells for 6, 12, and 24 h. 18.7,
22.26, 14.65% of β-hexosaminidase was released from RBL mast
cells when stimulated with YAC-1 tumor cells supernatant for 6,
12, and 24 h (Figure 2B), respectively. These results suggested
that tumor cells in direct contact with MCs stimulate MCs
around 13% more than the indirect contact. We found that the
secretion in response to tumor cell contact is similar to IgE cross
linking as shown in Figure 2A. Hence for further experiments
we took RBL MC Supernatant after FcέRI crosslinking to obtain
MC mediators.

Early Phase MC Mediators Inhibit Growth
of YAC-1 Tumor Cells
As shown above MCs could have direct or indirect effect on
tumor cells. MCs might affect tumor cells function with their
released mediators. To investigate the role of MCs mediators,
tumor cells were treated with resting MC’s supernatant obtained
without IgE crosslinking as well as activated MC’s supernatant

FIGURE 2 | MC secretion in presence of YAC-1 tumor cells. (A) Secretion of

MC in co-culture with YAC-1 cells for 6, 12, 24 h. Secretion is plotted as % β

hexosaminidase release. RBL MC secretion by FcέRI crosslinking for 45min

has been plotted as a positive control. (B) Secretion of MC when treated with

supernatant of YAC-1 cells for 6, 12, 24 h. Secretion is plotted as % β

hexosaminidase release. Data are expressed in comparison to resting cells

and are the means ± SEM of three separate experiments. Data was analyzed

using t-test ***P < 0.0005.

obtained from crosslinking of IgE bound to FcεRI receptors by
allergen (DNP-BSA-100 ng/ml). YAC-1 cells when treated with
MC mediators showed a significant inhibition in cell viability,
as assessed by hemocytometer cell counting after trypan blue
staining (Figure 3A). Treatment of EL4 cells with activated
MCs mediators resulted in a significant increase in EL4 cell
growth (Figure 3B). When these tumor cell lines were treated
with resting MCs’ mediators (no crosslinking/no sensitization),
no significant changes in cell growth were observed in either
of the cell lines. Whereas, in L1210 cell line and splenocytes
isolated from mouse, no alterations in cell growth were detected
on incubation with activated and resting MC supernatants
(Figures 3C,D). Similar observation was also obtained in MTT
assay experiment (Figures 4A–D).

Histamine being a major MC early phase mediator (21),
its effect at various concentrations was then investigated
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FIGURE 3 | Indirect effects of MC mediators on the growth of tumor cells (cell recovery). (A–D) For the studies assessing the effect of MC mediators on cell growth,

tumor cells or splenocytes (from C57BL/6 mouse) were cultured in 24 well plate and after 12, 24, and 48 h of the treatments, viable cells were counted using trypan

blue staining and hemocytometer. (E–H) For the studies assessing the effect of Histamine on cell growth, tumor cells or splenocytes (from SWISS mouse) were

cultured in 24 well plate and after 6, 12, 24, 36, and 48 h of the treatments, viable cells were counted using trypan blue staining and hemocytometer. Data are

expressed in comparison to control cells (cells treated with resting MC sup) and are mean ± SEM of three separate experiments, each of which was performed in

triplicate, Data was analyzed using t-test, *p < 0.05, **p < 0.005, ***p < 0.0005.
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FIGURE 4 | Indirect effects of MC mediators on the growth of tumor cells (MTT assay). (A–D) Indirect effect of MCs on tumor growth was assayed using MTT assay.

0.02 × 106 tumor cells or 1.5 × 106 splenocytes (from C57BL/6 mouse) were treated with MC mediators for 6, 12, and 24 h and after incubation MTT was added and

blue formazan crystals trapped in cell were dissolved using DMSO and absorbance was taken at 595 nm using plate reader. Data are expressed in comparison to

control cells (cells treated with resting MC sup) and are mean ± SEM of three separate experiments, each of which was performed in triplicate, Data was analyzed

using t-test, *p < 0.05, **p < 0.005.

on tumor cells. YAC-1 cells when treated with histamine
showed a significant inhibition in cell viability with increasing
concentration, as assessed by hemocytometer cell counting
after trypan blue staining (Figure 3E). Treatment of EL4 cells
with increasing concentration of histamine showed significant
increase in EL4 cell growth (Figure 3F). The effects were
prominent at higher concentration of histamine i.e., at 1 and
10µM. In L1210 cell line and splenocytes isolated from mouse,
no alterations in cell growth were observed on incubation
with histamine (Figures 3G,H). The results suggest that MC
mediators generated in vitro and histamine are exerting similar
effects on tumor cells.

MC Mediators’ Treatment Induced
Apoptosis in YAC-1 Tumor Cells
To further elucidate the mechanism of growth inhibition or
promotion, we examined the proportion of apoptotic and
necrotic cells as described in Materials and Methods. The
quantitative apoptotic/necrosis cell death assay was done using
Annexin/7AAD staining through flow cytometry analysis. YAC-
1 cells showed increased proportions of apoptotic cells when
monitored on increasing time points upon treatment with
MC mediators. The proportions of early apoptotic cells were
found to be 1.89 ± 0.3, 9.20 ± 0.1, and 27.99 ± 0.9% at 0,

12, and 48 h, respectively (Figure 5A). Whereas, no necrotic
cells were observed upon the treatment. Therefore, apoptosis
related proteins like Capsase-3, Bcl-2, total PARP, and cleaved
PARP were evaluated after 24 h of treatment. The expression
of Caspase-3 was increased by 1.64-folds (64% increase), Bcl-2
was decreased by 0.5-folds (50% decrease) and total and cleaved
PARP were increased by 1.34-folds (34% increase) and 1.38-folds
(38% increase) (Figure 5D), respectively.

In EL4 and L1210 cells, no signs of apoptotic response were
observed in flow cytometric analysis. No significant change was
observed in apoptotic and necrotic cells in EL-4 and L1210 on
treatment with resting and activated MC supernatant at any time
point (Figures 5B,C). The expression of Caspase-3 and, Bcl-2
in EL4 cells showed no change (Figure 5E). The mean ± SEM
band intensities of three independent experiments are shown in
Figure 5F for YAC-1 and EL4 cells.

MC Mediator Treatment Induced Cell Cycle
Arrest in YAC-1 Cells
Another reason for growth inhibition or promotion could be
alterations in cell cycle/cell division. Hence, we performed
cell cycle analysis for these tumor cells after treatment with
MC mediators. Flow cytometric study of cell cycle distribution
proposed that retarded cell growth of YAC-1 cells was due to
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FIGURE 5 | The apoptotic effect of MC mediators on tumor cells. Tumor cells were treated with MC mediators for 0, 12, and 24 h. At the end of treatments, total cells

were collected and stained with annexin V/7AAD and analyzed for apoptotic cell population as mentioned in section Materials and Methods. Representative histogram

from three sets of experiments has been represented for YAC-1 cells (A), EL4 (B), and L1210 (C). Numbers represent the apoptotic cells. In similar treatments as

detailed above, total cell lysates were prepared at 24 h. SDS-PAGE and western blot analysis were performed for Caspase-3, Bcl-2, total PARP, and as well as

cleaved PARP for YAC-1 (D), and EL4 (E). Membranes were stripped and re-probed with anti-beta-actin antibody to ensure equal protein loading. Numbers on top of

the bands represent fold changes in band intensity as compared to control as determined by densitometric analysis of the bands and corrected for beta-actin loading

control for western blot. (F) Means ± SEM band intensities are shown in the table. Data are expressed in comparison to control cells (untreated cells i.e., cells with

RPMI) and are the means ± SEM of three separate experiments, each of which was performed in triplicate, Data was analyzed using t-test. *p < 0.05, **p < 0.005.
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FIGURE 6 | Effect of MC mediators on cell cycle of tumor cells. Tumor cells were treated with resting and activated MC supernatants for 0, 12, and 24 h. At the end of

treatments, cells were collected and analyzed using flow cytometry and MODFIT software for cell cycle phase distribution as detailed in Materials and Methods.

(Continued)
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FIGURE 6 | Representative histogram [The red peaks shown are of G0/G1 (left) and G2/M (right) and the area between the two peaks are the cells in S phase.] from

three set of experiments has been represented for (A) YAC-1 cells, (D) EL4, and (E) L1210. SDS-PAGE and western blot analysis were performed for PCNA for YAC-1

(B). Numbers on top of the bands represent fold changes in band intensity as compared to control as determined by densitometric analysis of the bands and

corrected for beta-actin loading control for western blot. (C) Means ± SEM band intensities of PCNA are shown in the table. (F) Represents the percentage of tumor

cells obtained at various phases of cell cycle on treatment with MC mediators for 12 and 24 h. Data are expressed in comparison to cells treated resting MC sup for

cell cycle experiment and untreated cells for PCNA and are the mean ± SEM of three separate experiments, each of which was performed in triplicate, Data was

analyzed using t-test *p < 0.05, **p < 0.005, ***p < 0.0005.

accumulation at G0-G1 phase of cell cycle (Figure 6A). This was
also supported by western blot analysis of PCNA. The dividing
animal cells have PCNA (proliferating cell nuclear antigen) in
their nucleus which suggests it to have a function in cell cycle
regulation or DNA replication (37). PCNA expression was found
to be decreased to 0.57-folds (43% decrease) in YAC-1 cells
treated with MC mediators for 24 h as shown in the Figure 6B

and band intensities are shown in Figure 6C. While in EL4 cells,
there was increase in cells at G2/M phase of cell cycle i.e., 7.75
± 0.5 and 8.86± 1.0% with resting MC supernatant and 10.33±
0.2 and 14.65± 1.0%with activatedMC supernatant (Figure 6D)
indicating a slight increase in cell division. In case of L1210 there
was no change in cells at any phase of cell cycle (Figure 6E) with
MC mediator exposure. Distribution of cells in various stages of
cell cycle is shown in Figure 6F.

Growth Inhibition of YAC-1 Is Due to Effect
on Survival Related Genes
These results so far suggested that MC mediators played a
dual role in affecting the tumor cell growth, inhibiting the
proliferation of YAC-1 cells and increasing the proliferation of
EL4 cells. To further study the mechanisms involved, the mRNA
expression of endogenous gene COX-2, Survivin and also protein
expression of Survivin were investigated. Both these genes are
essential for cell growth (38, 39). Results showed a significant
decrease in expression of Survivin at mRNA as well as protein
level in YAC-1 cells. It was found to be reduced to 0.35-folds
(65% decrease) at mRNA level and reduced to 0.4-folds (60%
decrease) at protein level. Reduction to 0.3-fold (70% decrease)
in mRNA expression of COX-2was observed in YAC-1 cells upon
treatment with MC activated supernatants (Figure 7A). While in
EL4 cells, Survivin expression was increased to 1.8-folds (80%
increase) at mRNA level and increased to 1.4-folds (40% increase)
at protein level. Increment of 1.4-folds (40% increase) in mRNA
expression of COX-2 was observed in EL4 cells (Figure 7B). This
result suggested that the decrease in cellular viability of YAC-1
cells was due to differential regulation of Survivin and COX-2.
No such differential expression was observed in L1210, both at
mRNA as well as protein level (Figure 7C). There was no effect
of MC mediator exposure on expression of Survivin or COX-2
in L1210.

As histamine is the prime mediator of mast cells, we explored
the effect of histamine on Survivin and COX-2 expression
in tumor cells upon histamine treatment. Results were found
to be similar as MC mediator’s treatment. Results showed a
significant reduction to 0.45-folds (55% decrease) in expression
of Survivin at mRNA level in YAC-1 cells and reduction to 0.85-
fold (15% decrease) in mRNA expression of COX-2 was observed
in YAC-1 cells upon treatment with increasing concentration of

histamine (Figure 7D). While in EL4 cells, Survivin and COX-2
expression was increased to 1.91-folds (91% increase) and 1.53-
folds (53% increase), respectively, at mRNA level (Figure 7E) on
treatment with histamine. In both, YAC-1 and EL4, the effects
were more prominent at higher concentration of histamine i.e.,
at 1 and 10µM. No such differential expression was observed
in L1210 and mouse splenocytes at mRNA level of Survivin
and COX-2 (Figures 7F,G). The band intensities are shown in
Supplementary Tables 3–5. Therefore, the results suggests that
histamine also exerts a differential effect on proliferation related
molecules of YAC-1 and EL4 cells, no effect on L1210 cells and on
mouse splenocytes.

Exposure to MC-Mediators Affects
Mitochondrial Health of YAC-1 Tumor Cells
To investigate whether the growth inhibitory effect was
also linked with an alteration in the mitochondrial health,
mitochondrial membrane potential was quantified by JC-1
uptake and analyzed by flow cytometry. MC mediators caused a
reduction in mitochondrial potential in YAC-1 cells (Figure 8).
The result indicates that MC mediators can cause the lysis or
fusion of mitochondria along with the decline of total surface
area. In comparison, EL4 and L1210 cells showed no significant
change in mitochondrial health.

Expression of Histamine Receptors and
Antagonist Treatment on Tumor Cells
Histamine being a major MC mediator and previous studies
have shown its effects on tumor growth (22, 40, 41). To validate
the involvement of histamine receptors in the heterogeneous
effect of MC mediators on tumor cell lines, we analyzed the
endogenous expression of all four histamine receptor (H1R–
H4R). RT-PCR analyses showed that all tumor cells expressed
H1, H2, H3, and H4 receptor mRNA, suggesting that histamine
may effectively trigger response in tumor cells through any of
its receptors. Treatment of YAC-1 with MC mediators resulted
in significant down regulation of mRNA for H1R, H2R, H4R,
and no effect in H3R as shown in the Figure 9A. For EL4,
up-regulation in H1R, H2R, and H4R were observed, while
no effect was seen in H3R (Figure 9B). For L1210 cells, no
change in receptor expression pattern was observed on treatment
with MC mediators (Figure 9C). To validate the response is
because of histamine, we used 0.01, 0.1, 1, 10µM of histamine
to treat the tumor cells and looked at its effect on the histamine
receptor expression profile. Treatment of YAC-1 with histamine
resulted in significant down regulation of mRNA for H1R, H4R,
upregulation of H3R and no effect in H2R as shown in the
Figure 9D. For EL4, up-regulation in H1R, H2R, and H4R
were observed, while no change was seen in H3R (Figure 9E).

Frontiers in Oncology | www.frontiersin.org 12 November 2019 | Volume 9 | Article 1280

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Paudel et al. Mast Cells Regulate Lymphoid Neoplasms

FIGURE 7 | Effect of MC mediators on expression of genes important for survival of tumor cells. 1 × 106 tumor cells were cultured in 60-mm dishes and treated with

MC mediators or different concentration of histamine (0.01, 0.1, 1, 10µM). After 24 h of treatment, RNA and protein were isolated as described in section Materials

and Methods. Semi-quantitative RT-PCR for COX-2 and Survivin was performed for YAC-1 (A,D), EL4 (B,E), L1210 (C,F), and splenocytes (G) along with the loading

control, GAPDH. Western blot analysis was done for survivin after MC mediators treatment, YAC-1 (A), EL4 (B), and L1210 (C) where in each well 40 µg of protein

were loaded. The intensity of the resulting bands was evaluated by densitometry analysis and the Survivin/actin ratio was reported with loading control beta-actin.

Representative gels and immunoblots of results obtained from three independent experiments are shown. The numbers on the top of the bands represent fold

changes in band intensity as compared to control as determined by densitometric analysis of bands and corrected for GAPDH and beta-actin. The experiment was

repeated thrice.
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FIGURE 8 | Effect of MC mediators on mitochondrial health of tumor cells. To check the mitochondrial potential of tumor cells, 0.2 × 106 each tumor cells were

treated with MCs mediators. After 12 and 24 h of treatment, cells were harvested as described in methods and materials. Total cells were collected and stained to

assess mitochondrial membrane potential with JC-1 and analyzed by flow cytometer for YAC-1, EL4, and L1210. Bar-diagrammatic representation of respective time

point, Data are expressed in comparison to cells treated with resting MC sup and are the means ± SEM of three separate experiments, each of which was performed

in triplicate, Data was analyzed using t-test **p < 0.005.

Whereas, for L1210 cells, H1R and H4R was upregulated and no
change in other receptors expression pattern was observed on
treatment with histamine (Figure 9F). The band intensities are
shown in Supplementary Tables 6, 7.

Further, the selective histamine receptor antagonists,
pyrilamine (H1R), ranitidine (H2R), and JNJ7777120 (H4R),
respectively, were used in combination with MC mediators
or histamine and cell growth patterns assessed by trypan blue
staining and hemocyotmeter. Pyrilamine given in combination
with MC mediators led to no change in cell recovery of YAC-1
cells (Figure 10A), a significant decrease in cell recovery of
EL4 cells (Figure 10B), and a significant decrease in recovery
of L1210 cells (Figure 10C). Ranitidine in combination with
MC mediators caused increase in cell recovery of YAC-1
cells (Figure 10A) and decrease in cell recovery of EL4 cells
(Figure 10B). Also JNJ7777120 given in combination with
MC mediators caused increase in cell recovery of YAC-1
cells (Figure 10A) and decrease in cell recovery of EL4 cells
(Figure 10B). Therefore, the results suggest that MC mediators
triggered the inhibition of cell growth in YAC-1, possibly through
the H2 and H4 receptor, while they increased cell growth in EL4
cells, possibly through the H1, H2, and H4 receptors. L1210 cells
on the other hand seem more or less inert to MC mediators.
To validate the effect is because of histamine present in MC
mediators, we used histamine 10µM (Sigma Aldrich) with the
selective histamine receptor antagonists as mentioned above to
treat the tumor cells and cell growth patterns were assessed by
trypan blue staining and hemocyotmeter. Pyrilamine given in
combination with histamine led to no change in cell recovery of
YAC-1 cells (Figure 10A), a significant decrease in cell recovery
of EL4 cells (Figure 10B), and no change in recovery of L1210
cells (Figure 10C). Ranitidine in combination with histamine
caused increase in cell recovery of YAC-1 cells (Figure 10A),

decrease in cell recovery of EL4 cells (Figure 10B), and no
change in recovery of L1210 cells (Figure 10C). Also JNJ7777120
given in combination with histamine caused increase in cell
recovery of YAC-1 cells (Figure 10A), decrease in cell recovery of
EL4 cells (Figure 10B), and no change in recovery of L1210 cells
(Figure 10C). The effects shown by MC mediators are similar
to the effects shown by histamine, therefore we can say that
histamine is the major MC mediator showing effects on tumor
cell proliferation through histamine receptors H1–H4.

DISCUSSION

The progression of tumor is a result of activation or
inactivation of different genes (42), which have been regarded
as master regulators. The genetic and epigenetic alterations have
determined the cancer microenvironment, as a prime cause of
its development (43). Tissue microenvironment which consist
of blood and lymphatic vessels, some important immune cells,
extracellular matrix (ECM), and fibroblasts, plays a chief and
crucial role in maintenance of homeostasis and also provides
a barrier to tumorigenesis (44). In recent times, clinical and
experimental studies have shown the role of inflammatory cells
like MCs in cancer. All the functions of MC depend on the
release of proinflammatory mediators upon activation. There is a
report stating that mediators reside in distinct secretory granule
subsets whose exocytosis is regulated by different fusionmediator
proteins (30). The main mechanism of MC activation can be
either IgE dependent or independent (45–47), which overall
depends on the activation of surface receptors expressed by MCs.
MCs are also a component of cancer microenvironment, the role
of which is complex and poorly understood. Several studies have
shown that MCs either promote or suppress tumor growth and
development whereas in few cases they are inert. The defined role
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FIGURE 9 | Expression of histamine receptors on Tumor cells. 1 × 106 tumor cells were cultured in 60-mm dishes and treated with MC mediators or histamine

(10µM) for 24 h. Cells were harvested and then washed with PBS and RNA was isolated using Trizol- chloroform method and cDNA was synthesized. Gene specific

primers for H1, H2, H3, and H4 receptors were used to amplify cDNA. mRNA expression was detected for YAC-1 (A,D), EL4 (B,E), and L1210 (C,F) by RT-PCR

analysis. Representative gels results were obtained from three independent experiments are shown. The numbers on the top of the bands represent fold changes in

band intensity as compared to untreated cells (control) as determined by densitometric analysis of bands and corrected for GAPDH. Representative gels from

experiments repeated thrice.
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FIGURE 10 | Effects of histamine receptor antagonists on viable cell recovery

of tumor cells. Tumor cell lines were cultured with MC mediators or histamine

(Continued)

FIGURE 10 | (10µM) for 24 h in presence and absence of histamine

antagonists. The effects of pyrilamine (10µM), ranitidine (10µM) and

JNJ7777120 (10µM) alone or in combination with MC mediators for 24 h

YAC-1 (A), EL4 (B) and L1210 are shown (C). Cell growth was measured by

using trypan blue staining and hemocytometer. Data are expressed as the

percentage of control cells (untreated cells) and are the means ± SEM of three

separate experiments, each of which was performed in triplicate. Data was

analyzed using t-test, *p < 0.05, **p < 0.005, ***p < 0.0005, ns, not

significant.

ofMC in tumor is still unclear and it depends on both localization
of cell, stage of tumor, and type of tumor (48).

Since, MCs have already been identified in microenvironment
of different cancers; therefore, studying role of MCs in
different tumors will improve our understanding and further
identification of signaling pathways leading to heterogeneous role
of MCs in tumors. YAC-1, EL4, and L1210 are rodent tumor cells
representing Lymphomas and Leukemia that were used in the
current study. Direct as well as indirect (MCmediators generated
in vitro or histamine) contact of MCs with tumor cells showed
reduction/increase in cell viability starting as early as from 12 h
in a time dependentmanner. The co-culture experiment of tumor
cells with MCs has shown 45% decrease in YAC-1 cell population
whereas 55% increase in EL4 cell population and interestingly
no change in the RBL MC population. These results suggest
that MCs can influence tumor cell activity through direct cell
to cell interactions. Apart from direct contact, we have studied
the indirect contact of MC with tumor cells with transwell assay.
This assay was important to know if tumor cells or MC have
any interaction through their supernatants. The result suggested
that there is 20% decrease in YAC-1 in transwell assay but no
significant change in EL4 and L1210. There was some effect
on YAC-1 cells but lesser than in direct contact with MCs.
Further to check whether tumor cells influence MCs to secrete
in tumor microenvironment and to validate the indirect effects
between the two cells, we co-cultured YAC-1 along with MCs
and collected the supernatant and lysates at 6, 12, and 24 h and
checked for β-hexosaminidase release. Maximum MC secretion
in co-culture was seen at 12 h which is around 37% which is
comparable to the positive control i.e., RBL secretion by IgE
receptor crosslinking (activated MCs). We also checked the
secretion of RBL MCs by only treating with YAC-1 supernatants
for 6, 12, and 24 h. There was around 23% release at 12 h. It is
known that in resting state also MCs do secrete some mediators
(49) though much less than what is released on activation. Also
maybe some soluble factors (32) from YAC-1 may enhance this
basal secretion as shown in Figure 2B. Therefore, we then used
MC mediators generated by crosslinking FcέRI for 45min. In
correlation with direct role of MCs, MC mediators also showed
the similar effect on tumor cells, decreased the proliferation
of YAC-1 cells, increased proliferation of EL4 and no effect
on L1210. Further we studied the effect of histamine as it is
the prime mediator released by MCs (21). The physiological
histamine concentration in solid tumors like breast cancers
has been reported to be more than the normal tissues (50).
Increase in histamine concentration is the consequence of MCs
infiltration in the tumor tissues (50). There are studies reporting
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that histamine modulates the invasive phenotype of tumor cells
in a dose dependent manner in solid cancers like pancreatic and
breast cancers (51, 52). In order to study the involvement of
histamine in increase or reduction of tumors, we treated YAC-
1, EL4, L1210, and normal mouse splenocytes with histamine at
four different concentrations ranging from 0.01 to 10µM. The
effects of histamine were parallel to those of MC mediators as
histamine treatment also caused a decrease in cell proliferation of
YAC-1 cells, increased the proliferation of EL4 cells, and had no
effect on L1210 and normal mouse splenocytes. Further studying
the mitochondrial membrane potential showed there’s overall
decrease in membrane potential of active mitochondria inYAC-1
cells which could indicate mitochondrial fusion in these cells.

The key event involved in tumor development is increased
cell proliferation. Survivin is an anti-apoptotic protein generally
upregulated in cancer cells, and also known to provide capability
to survive with the inhibition of the activation of apoptosis
cascade (53). qRT-PCR analysis showed significantly decreased
expression of Survivin and COX-2 in YAC-1 cells after treatment
with MC mediators or histamine. MC mediators or histamine
treatment on EL4 cells enhanced Survivin and COX-2 expression
but no effect was seen in L1210 cells. Our study shows that MC
mediator’s leads to decrease in Survivin at both mRNA as well
protein levels supporting the notion that reduction in YAC-1 cell
survival on treatment with MC mediators could be umpired via
apoptosis. Initiation of apoptosis is generally linked with arrest
in cell cycle providing the cells with some time to adjust with the
changes in exterior environment as well as changes happening
intracellularly (54). Thus, our finding of YAC-1 population to
increase in sub-G0/G1 indicates, cells going for cell death that
may involve apoptosis. We then explored the proportion of cells
undergoing apoptosis and changes associated with at molecular
level following treatment with MC mediators. As anticipated,
increase in number of apoptotic cells was time dependent as
analyzed through flow cytometry. Increase in cells dying by
apoptosis was accompanied by a decrease in total PARP and
increase in cleavage of Caspase-3. The MC mediator’s induced
Caspase-3 activation can be confirmed by the generation of
the c-PARP (cleaved PARP) which is the target of Caspase-3
(55). Caspase activation symbolizes apoptosis process; therefore
the result of this study suggests that reduction in YAC-1 cells
survival following MC mediator’s treatment is probably linked
to the activation of Caspase-3 to induce the apoptosis cascade.
Collectively, G0-G1 phase arrest in cell cycle and Caspase-3
mediated apoptosis after treatment with MCmediators indicated
the role of MCs in tumor cell death.

A large number of receptors involved in cell proliferation
have been investigated including histamine receptors (56).
The differential outcome could be due to histamine receptor
expression on tumor cells upon treatment of MC mediators, the
cellular responses by Histamine are mainly mediated through its
four receptors, H1-H4 histamine receptors, and their expression
can be changed or altered in various diseases, and also varies
between different tissue types (57). The histamine receptors that
are generally found in tumor cells are linked with numerous
signaling pathways (58–60). Also, the presence of histamine
receptors in various tissues including tumors propose new
roles for histamine which lead to new outlooks in histamine

pharmacology research (61–63). Recent findings have indicated
that histamine-mediated biological processes in tissues and cell
lines are mediated by histamine receptors. Histamine receptors
have been reported to control various biological processes like
cell proliferation, apoptosis, metastatic potential in malignant
cells etc. (64, 65). Histamine exerts both proliferative and
proangiogenic effect via activation of its corresponding receptors
in cancer cells (56). Thus, we further investigated the detailed
role of histamine receptors in cell proliferation. Decrease in
expression of histamine receptors H1R, H2R, and H4R was
observed upon treatment of MC mediators in YAC-1 cells.
While EL4 cell line showed the enhanced expression of H1R,
H2R, H4R while no change was seen in H3R in all the three
cell lines. This complete observation indicated that histamine
receptor expression plays a vital function in cell proliferation.
To validate the above finding, we then treated the tumor
cells with Histamine and looked at the expression profile of
histamine receptors. We found that with histamine, H1R and
H4R are decreased upon treatment in YAC-1 cells. While
in EL4, upon histamine treatment the receptors H1R, H2R
and H4R are upregulated. Proliferation profile upon treatment
with different histamine receptor antagonist (Pyrilamine-H1R
antagonist, Ranitidine-H2R antagonist, and JNJ7777120-H4R
antagonist) was investigated in YAC-1 cells, the growth inhibitory
function of MCs mediators or histamine was reversed upon
addition of Ranitidine or JNJ7777120 with MC mediators or
histamine. While in case of EL4, MC mediators or histamine
showed enhanced proliferation. Treatment of cells with the
receptor antagonist pyrilamine, ranitidine, and JNJ77120 in
combination with MC mediators showed growth inhibition.
Therefore, it is concluded that MC mediators initiated the
reduction in cell growth in YAC-1, probably through the H2
and H4 receptor, while it enhanced cell growth in EL4 cells,
perhaps through the H1, H2, and H4 receptors. The effects
on histamine receptors exerted by MC mediators could be due
to the histamine present in it as the results obtained with
histamine are parallel to the results exerted by MC mediators.
Our study correlates the effects obtained using MC mediators
and effects using Histamine but there could be some other
mediators as well, present in the MC secretion that may
also be important for the effects seen in this study. Here we
are emphasizing on the histamine receptor expression and its
importance in increased/decreased cell proliferation of tumor
cells. Theremay be some other receptors also that are functioning
in increase/reduction of cell proliferation. As mast cells release a
vast consortium ofmediators, the fact cannot be denied that there
are some mediators other than histamine that are responsible for
the action. Therefore, further studies are required to dig out the
mechanism by which MCs are acting upon tumor cells as these
cells have always been the part of tumor microenvironment and
played a controversial role.

An overall model summarizing the above findings has been
proposed in Figures 11A–C. Tumors are variable in different
individuals and cancer therapies available nowadays are general
not specific to tumor-type. Here, in our study the two cell lines
used namely YAC-1 and EL4 are both murine T cell lymphoma
cell lines but their origin of cancer is different. We found that
MCs inhibited the growth of YAC-1 cancer cell line whereas
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FIGURE 11 | Proposed mechanisms for the role of MC mediators in response to tumor cells. MC mediators may alter hematologic tumor cell survival by modulating

the histamine receptor expression differentially in different tumor cell lines, thereby causing opposing effects on downstream signaling events and molecules affecting

survival, apoptotic pathway, mitochondrial health, and cell cycle in these tumor cells (A) In YAC-1 tumor cells, MCs cause down regulation of histamine receptors

H1R, H2R, and H4R receptor. Out of these receptors H2R (inhibited by ranitidine) and H4R (inhibited by JNJ7777120) may be further involved in growth

(Continued)
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FIGURE 11 | inhibition/reduced survival of YAC-1 cells. MC mediators cause further down regulation of β-catenin pathway. the combined effects lowers the

expression level of COX-2, Survivin, Bcl-2, PARP protein, and enhance caspase-3 subsequently leading to cell cycle arrest and apoptosis in tumor cells (B) In EL4

cells, MCs cause up-regulation of histamine receptors H1R, H2R, and H4R receptor. Out of these receptors H1R (inhibited by pyrilamine), H2R (inhibited by ranitidine),

and H4R (inhibited by JNJ7777120) may be further involved in proliferation and increased survival of EL4 cells. MCs mediators up regulate β-catenin pathway

enhancing cell growth. The combined effects increase the expression level of COX-2, Survivin, Bcl-2, and downregulatecaspase-3 subsequently leading to increased

cell growth. (C) In L1210 cells MCs cause up-regulation of H1R only while H2R and H4R were not affected. Also these receptors may not be involved in growth of

these cells. MC mediators do not alter β-catenin pathway subsequently leading no effect on cell growth.

increased the proliferation of EL4 cancer cell line. It could be
due to the difference in expression of histamine receptors on
these cell lines as we found that when activated MC mediators
are given to these cell lines, the histamine receptor expression
on YAC-1 decreased while in EL4 it increased. It could be due
to some mediators present in the MC activated supernatant that
is responsible for this up regulation or down regulation of these
histamine receptors, the cause is still not known. Also the cell
line, YAC-1 having less histamine receptors is more susceptible
to growth inhibition and cell death when comes in contact with
histamine present in activated MC supernatant. Whereas, it is
completely opposite in the case of EL4 cell line, which is having
more histamine receptors and growth and proliferation increased
in its case. Therefore, we can conclude that MCsmight be present
as sentinel cells in the tumor microenvironment and play a vital
part in tumor growth inhibition or progression depending on
tumor characteristics and receptors present on it. So, to exploit
MCs or their mediators in the tumor therapy, it is important
to characterize the tumors and also profile histamine receptors
present on the tumor cells. If less histamine receptors are present,
MC mediators may help in inhibiting the tumors, in these cases
MC mediators or activators can be given to treat the tumors
along with the conventional therapy. On the other hand if more
histamine receptors are present, some blockers may be given to
block the release of mediators fromMCs.

The effect of MC mediators on gene transcription through
histamine receptor signaling was investigated in this study. It
is known that histamine upon binding to its receptors disarms
GSK3-β, thus stabilizing β-catenin, and further activating TCF-
dependent transcription in many cell types (66). A general
feature of histamine receptor interaction is the activation of
Wnt/frizzled-like signaling cascade. Not only frizzled-induced
Disheveled pathway is involved but also β-catenin pathway is
involved in histamine receptor activation (66). Furthermore,
the fact that histamine receptor is the G protein coupled
receptor, which shows that Gα protein can release β-catenin from
cadherins thus activating β-catenin-dependent transcription.
Decreased cellular proliferation and increased apoptosis in YAC-
1 is possibly regulated by COX-2, Survivin, PARP, and Caspase-
3 through the activation of histamine receptor H2R or H4R
which have been downregulated. It might be possible that this
regulation of β-catenin with Survivin may be involved in cell
survival by the activation of H1R, H2R, and H4R in EL-4 which
are upregulated by MC mediator treatment. No such regulation
of Histamine receptors or downstream signaling is seen in L1210
cells, which appear inert to effects of MC mediators. Thus, MC
mediators, activate the β-catenin pathway through the histamine
receptor downstream signaling, which provides a molecular

enlightenment to form a connection between inflammation
and cancer.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/Supplementary Material.

ETHICS STATEMENT

The animal study was reviewed and approved by Institutional
Animal Ethics Committee (IAEC) JNU, New Delhi (registration
no: 19/GO/ReBi/S/99/CPCSEA). Written informed consent was
obtained from the owners for the participation of their animals
in this study.

AUTHOR CONTRIBUTIONS

NP conceived and designed the experiments and contributed
reagents, materials, and analysis tools. SP and DM performed
the experiments. SP, DM, and NP analyzed the data and wrote
the paper.

FUNDING

This study was supported by DST- PURSE [DST- PURSE No.
SR/PURSE/PHASE 2/11 (C)] grant from Department of Science
and Technology, India and UGC Resource Networking funds,
and UGC-SAP funds from UGC, India to NP. SP received
fellowship from Silver Jubilee Scholarship from ICCR (Indian
Council for Cultural Relations- Government of India and DM
received non-net fellowship from JNU.

ACKNOWLEDGMENTS

We are thankful to Dr. Paul A. Roche (NIH, Bethesda, MD,
USA) for the generous gift of RBL cell line. We thank Central
Instrumentation Facility at School of Life Sciences, JNU for
providing the PCR and Flow cytometry facility.We thank Central
Laboratory Animal Resource Facility at JNU, New Delhi for
providing the animal facility.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fonc.
2019.01280/full#supplementary-material

Frontiers in Oncology | www.frontiersin.org 19 November 2019 | Volume 9 | Article 1280

https://www.frontiersin.org/articles/10.3389/fonc.2019.01280/full#supplementary-material
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Paudel et al. Mast Cells Regulate Lymphoid Neoplasms

REFERENCES

1. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. (2000) 100:57–70.

doi: 10.1016/S0092-8674(00)81683-9

2. Li ZW, Dalton WS. Tumor microenvironment and drug resistance

in hematologic malignancies. Blood Rev. (2006) 20:333–42.

doi: 10.1016/j.blre.2005.08.003

3. Burger JA, Ghia P, Rosenwald A, Caligaris-Cappio F. The microenvironment

in mature B-cell malignancies: a target for new treatment strategies. Blood.

(2009) 114:3367–75. doi: 10.1182/blood-2009-06-225326

4. Grivennikov SI, Greten FR, Karin M. Immunity, inflammation, and cancer.

Cell. (2010) 140:883–99. doi: 10.1016/j.cell.2010.01.025

5. Siiskonen H, Poukka M, Bykachev A, Tyynela-Korhonen K, Sironen R,

Pasonen-Seppanen S, et al. Low numbers of tryptase+ and chymase+ mast

cells associated with reduced survival and advanced tumor stage inmelanoma.

Melanoma Res. (2015) 25:479–85. doi: 10.1097/CMR.0000000000000192

6. Dahlin JS, Hallgren J. Mast cell progenitors: origin, development

and migration to tissues. Mol Immunol. (2015) 63:9–17.

doi: 10.1016/j.molimm.2014.01.018

7. Blank U, Madera-Salcedo IK, Danelli L, Claver J, Tiwari N, Sanchez-

Miranda E, et al. Vesicular trafficking and signaling for cytokine

and chemokine secretion in mast cells. Front Immunol. (2014) 5:453.

doi: 10.3389/fimmu.2014.00453

8. da Silva EZ, JamurMC,Oliver C.Mast cell function: a new vision of an old cell.

J Histochem Cytochem. (2014) 62:698–738. doi: 10.1369/0022155414545334

9. Wernersson S, Pejler G. Mast cell secretory granules: armed for battle.Nat Rev

Immunol. (2014) 14:478–94. doi: 10.1038/nri3690

10. Lu F, Huang S. The roles of mast cells in parasitic protozoan infections. Front

Immunol. (2017) 8:363. doi: 10.3389/fimmu.2017.00363

11. Krystel-Whittemore M, Dileepan KN, Wood JG. Mast cell: a multi-functional

master cell. Front Immunol. (2015) 6:620. doi: 10.3389/fimmu.2015.00620

12. Shikotra A, Ohri CM, Green RH,Waller DA, Bradding P.Mast cell phenotype,

TNFalpha expression and degranulation status in non-small cell lung cancer.

Sci Rep. (2016) 6:38352. doi: 10.1038/srep38352

13. Xie H, Li C, Dang Q, Chang LS, Li L. Infiltrating mast cells increase

prostate cancer chemotherapy and radiotherapy resistances via modulation

of p38/p53/p21 and ATM signals. Oncotarget. (2016) 7:1341–53.

doi: 10.18632/oncotarget.6372

14. Varricchi G, Galdiero MR, Marone G, Granata F, Borriello F, Marone G.

Controversial role of mast cells in skin cancers. Exp Dermatol. (2017) 26:11–7.

doi: 10.1111/exd.13107

15. Sammarco G, Varricchi G, Ferraro V, Ammendola M, De Fazio M, Altomare

DF, et al. Mast cells, angiogenesis and lymphangiogenesis in human gastric

cancer. Int J Mol Sci. (2019) 20:E2106. doi: 10.3390/ijms20092106

16. Baram D, Vaday GG, Salamon P, Drucker I, Hershkoviz R, Mekori YA.

Human mast cells release metalloproteinase-9 on contact with activated T

cells: juxtacrine regulation by TNF-alpha. J Immunol. (2001) 167:4008–16.

doi: 10.4049/jimmunol.167.7.4008

17. Ribatti D. Mast cells in lymphomas. Crit Rev Oncol Hematol. (2016) 101:207–

12. doi: 10.1016/j.critrevonc.2016.03.016

18. Rabenhorst A, Schlaak M, Heukamp LC, Forster A, Theurich S, von Bergwelt-

Baildon M, et al. Mast cells play a protumorigenic role in primary cutaneous

lymphoma. Blood. (2012) 120:2042–54. doi: 10.1182/blood-2012-03-415638

19. Samoszuk M, Kanakubo E, Chan JK. Degranulating mast cells in fibrotic

regions of human tumors and evidence that mast cell heparin interferes with

the growth of tumor cells through a mechanism involving fibroblasts. BMC

Cancer. (2005) 5:121. doi: 10.1186/1471-2407-5-121

20. Hallgren J, GurishMF. Granule maturation inmast cells: histamine in control.

Eur J Immunol. (2014) 44:33–6. doi: 10.1002/eji.201344262

21. Borriello F, Iannone R, Marone G. Histamine release from mast

cells and basophils. Handb Exp Pharmacol. (2017) 241:121–39.

doi: 10.1007/164_2017_18

22. Martinel Lamas DJ, Nicoud MB, Sterle HA, Cremaschi GA, Medina VA.

Histamine: a potential cytoprotective agent to improve cancer therapy? Cell

Death Dis. (2015) 6:e2029. doi: 10.1038/cddis.2015.378

23. Medina VA, Brenzoni PG, Lamas DJ, Massari N,Mondillo C, NunezMA, et al.

Role of histamine H4 receptor in breast cancer cell proliferation. Front Biosci.

(2011) 3:1042–60. doi: 10.2741/e310

24. Martinel Lamas DJ, Rivera ES, Medina VA. Histamine H4 receptor: insights

into a potential therapeutic target in breast cancer. Front Biosci. (2015) 7:1–9.

doi: 10.2741/s420

25. Chen J, Hu XY. Inhibition of histamine receptor H3R suppresses prostate

cancer growth, invasion and increases apoptosis via the AR pathway. Oncol

Lett. (2018) 16:4921–8. doi: 10.3892/ol.2018.9310

26. Fernandez-Nogueira P, Noguera-Castells A, Fuster G, Recalde-Percaz L,

Moragas N, Lopez-Plana A, et al. Histamine receptor 1 inhibition enhances

antitumor therapeutic responses through extracellular signal-regulated

kinase (ERK) activation in breast cancer. Cancer Lett. (2018) 424:70–83.

doi: 10.1016/j.canlet.2018.03.014

27. Alam A, Puri N, Saxena RK. Uptake of poly-dispersed single-walled carbon

nanotubes and decline of functions in mouse NK cells undergoing activation.

J Immunotoxicol. (2016) 13:758–65. doi: 10.1080/1547691X.2016.11

91562

28. Naqvi N, Ahuja K, Selvapandiyan A, Dey R, Nakhasi H, Puri N. Role of mast

cells in clearance of leishmania through extracellular trap formation. Sci Rep.

(2017) 7:13240. doi: 10.1038/s41598-017-12753-1

29. Alam A, Sachar S, Puri N, Saxena RK. Interactions of polydispersed single-

walled carbon nanotubes with T cells resulting in downregulation of allogeneic

CTL responses in vitro and in vivo. Nanotoxicology. (2013) 7:1351–60.

doi: 10.3109/17435390.2012.739666

30. Puri N, Roche PA. Mast cells possess distinct secretory granule subsets whose

exocytosis is regulated by different SNARE isoforms. Proc Natl Acad Sci USA.

(2008) 105:2580–5. doi: 10.1073/pnas.0707854105

31. Vaidyanathan VV, Puri N, Roche PA. The last exon of SNAP-23 regulates

granule exocytosis from mast cells. J Biol Chem. (2001) 276:25101–6.

doi: 10.1074/jbc.M103536200

32. Lv YP, Peng LS, Wang QH, Chen N, Teng YS, Wang TT, et al.

Degranulation ofmast cells induced by gastric cancer-derived adrenomedullin

prompts gastric cancer progression. Cell Death Dis. (2018) 9:1034.

doi: 10.1038/s41419-018-1100-1

33. Tang C, Jardim DL, Falchook GS, Hess K, Fu S, Wheler JJ, et al.

MET nucleotide variations and amplification in advanced ovarian cancer:

characteristics and outcomes with c-Met inhibitors. Oncoscience. (2014) 1:5–

13. doi: 10.18632/oncoscience.3

34. Rizvi ZA, Puri N, Saxena RK. Lipid antigen presentation through CD1d

pathway inmouse lung epithelial cells, macrophages and dendritic cells and its

suppression by poly-dispersed single-walled carbon nanotubes. Toxicol Vitro.

(2015) 29:1275–82. doi: 10.1016/j.tiv.2014.10.022

35. Naskar P, Puri N. Phosphorylation of SNAP-23 regulates its dynamic

membrane association during mast cell exocytosis. Biol Open. (2017) 6:1257–

69. doi: 10.1242/bio.025791

36. Rigoni A, Colombo MP, Pucillo C. The role of mast cells in molding

the tumor microenvironment. Cancer Microenviron. (2015) 8:167–76.

doi: 10.1007/s12307-014-0152-8

37. Strzalka W, Ziemienowicz A. Proliferating cell nuclear antigen (PCNA): a

key factor in DNA replication and cell cycle regulation. Ann Bot. (2011)

107:1127–40. doi: 10.1093/aob/mcq243

38. Jaiswal PK, Goel A, Mittal RD. Survivin: a molecular biomarker in cancer.

Indian J Med Res. (2015) 141:389–97. doi: 10.4103/0971-5916.159250

39. Liu B, Qu L, Yan S. Cyclooxygenase-2 promotes tumor growth

and suppresses tumor immunity. Cancer Cell Int. (2015) 15:106.

doi: 10.1186/s12935-015-0260-7

40. Watson SA, Wilkinson LJ, Robertson JF, Hardcastle JD. Effect of histamine on

the growth of human gastrointestinal tumours: reversal by cimetidine. Gut.

(1993) 34:1091–6. doi: 10.1136/gut.34.8.1091

41. Massari NA, Nicoud MB, Medina VA. Histamine receptors and cancer

pharmacology: an update. Br J Pharmacol. (2018). doi: 10.1111/bph.14535

42. Lee EY, Muller WJ. Oncogenes and tumor suppressor genes. Cold Spring Harb

Perspect Biol. (2010) 2:a003236. doi: 10.1101/cshperspect.a003236

43. Sadikovic B, Al-Romaih K, Squire JA, Zielenska M. Cause and

consequences of genetic and epigenetic alterations in human cancer.

Curr Genomics. (2008) 9:394–408. doi: 10.2174/13892020878569

9580

44. Hanahan D, Coussens LM. Accessories to the crime: functions of cells

recruited to the tumor microenvironment. Cancer Cell. (2012) 21:309–22.

doi: 10.1016/j.ccr.2012.02.022

Frontiers in Oncology | www.frontiersin.org 20 November 2019 | Volume 9 | Article 1280

https://doi.org/10.1016/S0092-8674(00)81683-9
https://doi.org/10.1016/j.blre.2005.08.003
https://doi.org/10.1182/blood-2009-06-225326
https://doi.org/10.1016/j.cell.2010.01.025
https://doi.org/10.1097/CMR.0000000000000192
https://doi.org/10.1016/j.molimm.2014.01.018
https://doi.org/10.3389/fimmu.2014.00453
https://doi.org/10.1369/0022155414545334
https://doi.org/10.1038/nri3690
https://doi.org/10.3389/fimmu.2017.00363
https://doi.org/10.3389/fimmu.2015.00620
https://doi.org/10.1038/srep38352
https://doi.org/10.18632/oncotarget.6372
https://doi.org/10.1111/exd.13107
https://doi.org/10.3390/ijms20092106
https://doi.org/10.4049/jimmunol.167.7.4008
https://doi.org/10.1016/j.critrevonc.2016.03.016
https://doi.org/10.1182/blood-2012-03-415638
https://doi.org/10.1186/1471-2407-5-121
https://doi.org/10.1002/eji.201344262
https://doi.org/10.1007/164_2017_18
https://doi.org/10.1038/cddis.2015.378
https://doi.org/10.2741/e310
https://doi.org/10.2741/s420
https://doi.org/10.3892/ol.2018.9310
https://doi.org/10.1016/j.canlet.2018.03.014
https://doi.org/10.1080/1547691X.2016.1191562
https://doi.org/10.1038/s41598-017-12753-1
https://doi.org/10.3109/17435390.2012.739666
https://doi.org/10.1073/pnas.0707854105
https://doi.org/10.1074/jbc.M103536200
https://doi.org/10.1038/s41419-018-1100-1
https://doi.org/10.18632/oncoscience.3
https://doi.org/10.1016/j.tiv.2014.10.022
https://doi.org/10.1242/bio.025791
https://doi.org/10.1007/s12307-014-0152-8
https://doi.org/10.1093/aob/mcq243
https://doi.org/10.4103/0971-5916.159250
https://doi.org/10.1186/s12935-015-0260-7
https://doi.org/10.1136/gut.34.8.1091
https://doi.org/10.1111/bph.14535
https://doi.org/10.1101/cshperspect.a003236
https://doi.org/10.2174/138920208785699580
https://doi.org/10.1016/j.ccr.2012.02.022
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Paudel et al. Mast Cells Regulate Lymphoid Neoplasms

45. Marone G, Granata F, Spadaro G, Genovese A, Triggiani M. The histamine-

cytokine network in allergic inflammation. J Allergy Clin Immunol. (2003)

112:S83–8. doi: 10.1016/S0091-6749(03)01881-5

46. Marone G, Rossi FW, Detoraki A, Granata F, Marone G, Genovese A, et al.

Role of superallergens in allergic disorders. Chem Immunol Allergy. (2007)

93:195–213. doi: 10.1159/000100896

47. Piliponsky AM, Chen CC, Rios EJ, Treuting PM, Lahiri A, Abrink M, et al.

The chymase mouse mast cell protease 4 degrades TNF, limits inflammation,

and promotes survival in a model of sepsis. Am J Pathol. (2012) 181:875–86.

doi: 10.1016/j.ajpath.2012.05.013

48. Holzel M, Landsberg J, Glodde N, Bald T, Rogava M, Riesenberg S, et al. A

preclinical model of malignant peripheral nerve sheath tumor-like melanoma

is characterized by infiltrating mast cells. Cancer Res. (2016) 76:251–63.

doi: 10.1158/0008-5472.CAN-15-1090

49. Gaudenzio N, Sibilano R, Marichal T, Starkl P, Reber LL, Cenac N, et al.

Different activation signals induce distinct mast cell degranulation strategies.

J Clin Invest. (2016) 126:3981–98. doi: 10.1172/JCI85538

50. von Mach-Szczypinski J, Stanosz S, Sieja K, Stanosz M. Metabolism of

histamine in tissues of primary ductal breast cancer. Metabolism. (2009)

58:867–70. doi: 10.1016/j.metabol.2009.02.011

51. Porretti JC, Mohamad NA, Martin GA, Cricco GP. Fibroblasts induce

epithelial to mesenchymal transition in breast tumor cells which is prevented

by fibroblasts treatment with histamine in high concentration. Int J Biochem

Cell Biol. (2014) 51:29–38. doi: 10.1016/j.biocel.2014.03.016

52. Galarza TE, Mohamad NA, Taquez Delgado MA, Vedoya GM, Crescenti EJ,

Bergoc RM, et al. Histamine prevents radiation-induced mesenchymal

changes in breast cancer cells. Pharmacol Res. (2016) 111:731–9.

doi: 10.1016/j.phrs.2016.07.039

53. Altieri DC. Survivin, cancer networks and pathway-directed drug discovery.

Nat Rev Cancer. (2008) 8:61–70. doi: 10.1038/nrc2293

54. Tailor D, Hahm ER, Kale RK, Singh SV, Singh RP. Sodium butyrate induces

DRP1-mediated mitochondrial fusion and apoptosis in human colorectal

cancer cells. Mitochondrion. (2014) 16:55–64. doi: 10.1016/j.mito.2013.

10.004

55. Brauns SC, Dealtry G, Milne P, Naude R, Van de Venter M. Caspase-3

activation and induction of PARP cleavage by cyclic dipeptide cyclo(Phe-Pro)

in HT-29 cells. Anticancer Res. (2005) 25:4197–202.

56. Medina VA, Rivera ES. Histamine receptors and cancer pharmacology. Br J

Pharmacol. (2010) 161:755–67. doi: 10.1111/j.1476-5381.2010.00961.x

57. Falus A, Hegyesi H, Lazar-Molnar E, Pos Z, Laszlo V, Darvas Z.

Paracrine and autocrine interactions in melanoma: histamine is a

relevant player in local regulation. Trends Immunol. (2001) 22:648–52.

doi: 10.1016/S1471-4906(01)02050-6

58. Mitsuhashi M, Mitsuhashi T, Payan DG. Multiple signaling pathways of

histamine H2 receptors. Identification of an H2 receptor-dependent Ca2+

mobilization pathway in human HL-60 promyelocytic leukemia cells. J Biol

Chem. (1989) 264:18356–62.

59. Davio CA, Cricco GP, Bergoc RM, Rivera ES. H1 and H2 histamine

receptors in N-nitroso-N-methylurea (NMU)-induced carcinomas with

atypical coupling to signal transducers. Biochem Pharmacol. (1995) 50:91–6.

doi: 10.1016/0006-2952(95)00108-C

60. Fitzsimons C, Engel N, Policastro L, Duran H, Molinari B, Rivera E.

Regulation of phospholipase C activation by the number of H(2) receptors

during Ca(2+)-induced differentiation of mouse keratinocytes. Biochem

Pharmacol. (2002) 63:1785–96. doi: 10.1016/S0006-2952(02)00975-9

61. Huang JF, Thurmond RL. The new biology of histamine receptors. Curr

Allergy Asthma Rep. (2008) 8:21–7. doi: 10.1007/s11882-008-0005-y

62. Leurs R, Chazot PL, Shenton FC, Lim HD, de Esch IJ. Molecular and

biochemical pharmacology of the histamine H4 receptor. Br J Pharmacol.

(2009) 157:14–23. doi: 10.1111/j.1476-5381.2009.00250.x

63. Tiligada E, Zampeli E, Sander K, Stark H. Histamine H3 and H4 receptors

as novel drug targets. Expert Opin Investig Drugs. (2009) 18:1519–31.

doi: 10.1517/14728220903188438

64. Davio C, Mladovan A, Lemos B, Monczor F, Shayo C, Rivera E, et al. H1

and H2 histamine receptors mediate the production of inositol phosphates

but not cAMP in human breast epithelial cells. Inflamm Res. (2002) 51:1–7.

doi: 10.1007/PL00000276

65. Medina V, Croci M, Crescenti E, Mohamad N, Sanchez-Jimenez F, Massari N,

et al. The role of histamine in human mammary carcinogenesis: H3 and H4

receptors as potential therapeutic targets for breast cancer treatment. Cancer

Biol Ther. (2008) 7:28–35. doi: 10.4161/cbt.7.1.5123

66. Diks SH, Hardwick JC, Diab RM, van SantenMM, Versteeg HH, vanDeventer

SJ, et al. Activation of the canonical beta-catenin pathway by histamine. J Biol

Chem. (2003) 278:52491–6. doi: 10.1074/jbc.M310712200

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2019 Paudel, Mehtani and Puri. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Oncology | www.frontiersin.org 21 November 2019 | Volume 9 | Article 1280

https://doi.org/10.1016/S0091-6749(03)01881-5
https://doi.org/10.1159/000100896
https://doi.org/10.1016/j.ajpath.2012.05.013
https://doi.org/10.1158/0008-5472.CAN-15-1090
https://doi.org/10.1172/JCI85538
https://doi.org/10.1016/j.metabol.2009.02.011
https://doi.org/10.1016/j.biocel.2014.03.016
https://doi.org/10.1016/j.phrs.2016.07.039
https://doi.org/10.1038/nrc2293
https://doi.org/10.1016/j.mito.2013.10.004
https://doi.org/10.1111/j.1476-5381.2010.00961.x
https://doi.org/10.1016/S1471-4906(01)02050-6
https://doi.org/10.1016/0006-2952(95)00108-C
https://doi.org/10.1016/S0006-2952(02)00975-9
https://doi.org/10.1007/s11882-008-0005-y
https://doi.org/10.1111/j.1476-5381.2009.00250.x
https://doi.org/10.1517/14728220903188438
https://doi.org/10.1007/PL00000276
https://doi.org/10.4161/cbt.7.1.5123
https://doi.org/10.1074/jbc.M310712200
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Mast Cells May Differentially Regulate Growth of Lymphoid Neoplasms by Opposite Modulation of Histamine Receptors
	Introduction
	Materials and Methods
	Animals
	Isolation and Culture of Mouse Splenocytes
	Maintenance of Cell Lines
	Stimulation of RBL Mast Cells (MCs) and Generation of Mediators
	Preparation of Tumor Cell Conditioned Supernatant and Stimulation of RBL-mast Cells
	Co-culture of MCs and Tumor Cells in vitro
	Detection of Cell Metabolic Activity by MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) Assay
	Flowcytometric Analysis to Detect Cell Surface Receptor
	Detection of Apoptosis and Necrosis
	Cell Cycle Analysis
	Estimation of Mitochondrial Membrane Potential
	Cell Viability Assay
	Primer Designing
	Isolation of RNA and First Strand (cDNA) Synthesis
	Semi Quantitative Reverse Transcriptase PCR
	Immunoblotting
	Statistical Analysis

	Results
	Inhibition of Growth of YAC-1 Cells on Co-culture With RBL-MCs
	Mast Cell Secretion in Presence of YAC-1 Tumor Cells
	Early Phase MC Mediators Inhibit Growth of YAC-1 Tumor Cells
	MC Mediators' Treatment Induced Apoptosis in YAC-1 Tumor Cells
	MC Mediator Treatment Induced Cell Cycle Arrest in YAC-1 Cells
	Growth Inhibition of YAC-1 Is Due to Effect on Survival Related Genes
	Exposure to MC-Mediators Affects Mitochondrial Health of YAC-1 Tumor Cells
	Expression of Histamine Receptors and Antagonist Treatment on Tumor Cells

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


