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ABSTRACT
The aims of the work were to improve our knowledge of the role of H4R in
melanoma proliferation and assess in vivo the therapeutic efficacy of histamine,
clozapine and JNJ28610244, an H4R agonist, in a preclinical metastatic model of
melanoma. Additionally, we aimed to investigate the combinatorial effect of histamine
and gamma radiation on the radiobiological response of melanoma cells.
Results indicate that 1205Lu metastatic melanoma cells express H4R and that
histamine inhibits proliferation, in part through the stimulation of the H4R, and induces
cell senescence and melanogenesis. Daily treatment with H4R agonists (1 mg/kg, sc)
exhibited a significant in vivo antitumor effect and importantly, compounds reduced
metastatic potential, particularly in the group treated with JNJ28610244, the H4R
agonist with higher specificity. H4R is expressed in benign and malignant lesions
of melanocytic lineage, highlighting the potential clinical use of histamine and H4R
agonists. In addition, histamine increased radiosensitivity of melanoma cells in vitro
and in vivo. We conclude that stimulation of H4R by specific ligands may represent a
novel therapeutic strategy in those tumors that express this receptor. Furthermore,
through increasing radiation-induced response, histamine could improve cancer
radiotherapy for the treatment of melanoma.

INTRODUCTION

with some clinical impact. However, the study of new
approaches and therapeutic targets is urgently needed
considering the problems associated with highly toxic
therapies, elevated costs and the fact that most patients show
a disease-free interval of only a few months [1, 2, 3, 4].
Histamine is involved in numerous physiological
and pathological conditions of skin [5, 6, 7]. Although
there are several studies describing the action of histamine
as a modulator of proliferation of certain tumors, its role
in malignant melanoma is still inconclusive [5, 8, 9, 10]. It
seems that histamine effect on tumor proliferation depends

The incidence and mortality of human melanoma
continues increasing progressively, particularly in patients
who have developed the most severe forms (e.g. stage IV)
or metastatic melanoma. These facts make this disease a
priority health issue, given the high resistance to existing
treatments such as chemotherapy, immunotherapy, or even
targeted therapies with monoclonal antibodies. Oncogenetargeted therapy and immune checkpoint blockade have
shown notable efficacy in a subset of melanoma patients
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on the cell type, the balance between different receptor
subtypes expressed, the concentration of histamine
reached in the tumoral environment and the effectors
activated, among others.
On one side, the use of specific anti-sense
oligonucleotides against histidine decarboxylase (HDC)
decreased the proliferation rate of human melanoma cells
[11], while over-expression of HDC markedly accelerates
tumor growth and increases metastatic colony-forming
potential in mouse melanoma [12, 13]. On the other side, it
was demonstrated by using histamine agonists, antagonists
and genetic tools, that histamine treatment produced an
inhibitory effect on proliferation mediated in part through
the stimulation of the H4R in WM35 and M1/15 human
melanoma cells. In vivo experiments on M1/15 human
primary melanoma experimental model demonstrated that
mice receiving histamine or clozapine (H4R agonist) showed
an increased median survival associated to a decrease in
tumor growth and intratumoral neovascularization [8, 9].
In line with these results, numerous phase II and III clinical
trials in metastatic melanoma demonstrated clinical benefits
of histamine (Ceplene, a synthetic derivative of histamine)
as an adjuvant to immunotherapy with IL-2, especially in
melanoma patients with liver metastases [14]. Histamine
dihydrochloride inhibits the formation of reactive oxygen
species from monocytes/macrophages by suppressing
the activity of NADPH oxidase, and thus preventing the
inactivation of T cells and NK cells [15]. In addition, it
is not possible to discard a direct action of histamine on
melanoma cells, considering that the expression of H1R,
H2R, H3R and H4R in human melanoma cell lines was
shown [8, 12, 16]. In addition, literature suggests that those
with allergy have a reduced risk of developing cancer versus
the general population [17] and that a history of asthma may
be a protective factor in cutaneous melanoma [18].
Based on the presented evidence, the aim of this
work was to improve our knowledge of the role of H4R in
melanoma proliferation and assess in vivo the therapeutic
efficacy of histamine, clozapine and JNJ28610244, a new
compound with excellent selectivity and high affinity for
human H4R, in a preclinical metastatic model of melanoma.
In addition, we aimed to investigate the combinatorial
effect of histamine and gamma radiation in vitro and in vivo
on the radiobiological response of melanoma cells. The
tumorigenic and highly invasive malignant 1205Lu human
melanoma cell line was used for these purposes [19, 20].

expression of H4R was further demonstrated by Western
blot (Figure 1B).
Western blot analysis demonstrated the presence of
a diverse range of molecular weight species of the H4R,
which are in agreement with previous reports in several
cell lines, including melanoma cells [8, 21, 22, 23].
The presence of H4R in 1205Lu cells was verified
by immunostaining and confocal microscopy (Figure 1C).
The specificity of H4R antibody was evaluated by
immunofluorescence and Western blot analysis, using WM35
and M1/15 melanoma cell lines as positive controls [8] and
HEK293 cell line as a negative control of H4R expression
[24], (Figure 1B, 1C). Furthermore, siRNA specific for H4R
mRNA was used to knock down its expression in melanoma
cells, which was ascertained by immunocytochemistry
(Supplementary Figure 1 of Supplementary Data).
Results demonstrate that histamine and H4R
agonists significantly decreased clonogenic proliferation
of human melanoma cells (IC50= 1.6 µM; 0.7 µM; 1 µM
for histamine, clozapine and JNJ28610244, respectively),
effect that was blocked with the combined treatment
with the H4R antagonist JNJ7777120 (Figure 2A). The
inhibitory effect of H4R on proliferation was confirmed by
assessing the incorporation of BrdU, a thymidine analog.
Histamine and both H4R agonists significantly reduced
the incorporation of BrdU in 1205Lu cells. Treatment
with JNJ7777120, added 30 minutes before any other
treatment, completely reversed the effect of the H4R
ligands on melanoma cells (Figure 2B).
The induction of cell differentiation and/or
senescence was then investigated. 1205Lu cell line
expressed tyrosinase mRNA, the rate-limiting enzyme
in melanin production (Figure 2C, inset). The oxidation
of L-dopa test revealed that treatment with H4R agonists
stimulated melanogenesis in vitro. Synthesis of melanin
was detected as a brown-black pigmentation in cells under
light microscopy (Figure 2C). In addition, changes in cell
morphology, as extensions or cell prolongations, were
also observed and these characteristics are associated with
terminal cell differentiation process [25, 26] (Figure 2C).
On the other hand, results demonstrated that
treatment with histamine and H4R agonists significantly
increased the percentage of senescent cells evidenced
by an enhanced activity of senescence associated
β-galactosidase (histamine: 35.5 % ± 2.3 %; clozapine:
46.8 % ± 6.2 %; JNJ28610244: 60.3 % ± 5.7 % vs. control:
14.7 % ± 1.9 %) (Figure 2D). The combined treatment
with the H4R antagonist reversed the increase in cell
senescence and differentiation, reinforcing the important
role of H4R in these cellular events (Figure 2C, 2D).

RESULTS
Role of H4R in human 1205Lu melanoma cell
proliferation, differentiation and senescence

Effect of histamine, clozapine and JNJ28610244 on
human melanoma tumors developed in nude mice

We first evaluated the expression of H4R in 1205Lu
malignant melanoma cells. Figure 1A shows that 1205Lu
cell line expressed the H4R at the mRNA level. The
identity of H4R was confirmed by sequencing and protein
www.impactjournals.com/oncotarget
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Immunohistological and histochemical characteristics
of 1205Lu xenografted tumors

athymic nude mice. Figure 3A shows the results obtained
from the tumor growth curves. Daily sc. treatment with
1 mg/kg of histamine, clozapine or JNJ28610244 for
30 days significantly diminished the tumor volume
compared to those animals treated with saline solution
(control group), (Figure 3A).
Given the aggressiveness of 1205Lu tumor model
and following the standards and recommendations of
animal care in cancer research, humanitarian death to
those mice who presented one or more “endpoints” (e.g.
ulceration / infection of the tumor site, weight loss > 20%
body weight, etc.) was performed, making it impossible to
perform the survival analysis that required to wait until the
spontaneous death of the animals.

Subcutaneous injection of 1205Lu cells in nude
mice allowed the development of human melanoma
tumors that exhibit a nodular growth pattern in the murine
dermis, which resembles a melanoma in vertical growth
phase frequently diagnosed in human patients (Figure 3B).
Histopathological analysis of H&E stained
specimens revealed primary tumors characterized by
fusiform cells in the periphery, with spindle nuclei without
visible chromatin and intratumoral neutrophils presence
in the control group. These tumors had epithelioid cells
with marked anisocytosis and anisokaryosis, nuclear

Figure 1: H4R expression in 1205Lu cells. H4R receptor expression was determined by RT-PCR, Western blot and Immunofluorescence.

(A) RT-PCR of H4R. Lanes: M, DNA ladder molecular size marker; WM35, human primary melanoma cells were used as positive control;
1205Lu, human metastatic melanoma cells. β-actin (521 bp) was used as load control. (B) Western blot of H4R. WM35 cells were used as
positive control. HEK293 cells were used as negative control. β-actin (42 kDa) was used as load control. (C) Immunofluorescence (green)
of H4R in 1205Lu cells evaluated by confocal microscopy. Nuclei were counterstained with ethidium bromide (red). Pictures were taken at
400X-fold and 1000X-fold magnification. Scale bar = 20 µm. Representative results of three independent experiments. WM35 and M1/15
cells were used as positive control. HEK293 cells were used as negative control.
www.impactjournals.com/oncotarget
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pleomorphism, presence of multinucleated giant cells
and explosive mitosis (aberrant) (Figure 3C, 3H). Rich
vascularization, invasion of deep dermis, ulceration,
dilatation of lymph vessels and lymph emboli were also
observed in untreated tumors (Figure 3D, 3E).
1205Lu tumors derived from treated animals
showed a significant increase in lymphocytes infiltrate
and poor intratumoral neutrophils presence, in contrast
with tumors of the untreated animals (Figure 3H, Table 1,
Supplementary Figure 2 of Supplementary Data).
Lineage specificity was corroborated in 1205Lu
tumors by HMB-45 and TYR positive staining
(Figure 3F, 3G). Immunohistochemical studies revealed
that tumors of all groups exhibited significant levels
of H4R and intracellular histamine. Non-significant
differences in the expression levels of those antigens were
observed between control and treated groups. However,
tumors treated with the specific H4R agonist JNJ28610244,
showed a significant reduction in the expression levels of
histidine decarboxylase. Furthermore, proliferation of
tumor cells evaluated by PCNA expression and MI were
significantly diminished in tumors of histamine, clozapine
and JNJ28610244 treated mice (Figure 2H), (Table 1).
In addition, the vascular morphology exhibited
significant differences between tumor vessels of treated
animals and those observed in the control group.
Large and medium size vessels were predominant in
intratumoral areas of control tumors, with vascular gaps
and tortuous aberrant morphology, while capillaries
and medium size vessels were observed in histamine,
clozapine and JNJ28610244 treated tumors (Figure 2H).
Intratumoral neovascularization showed a significant
reduction in vessel number detected in histamine,
clozapine and JNJ28610244 treated animals (P < 0.05,
Table 1). Complementary microphotographs of each
antigen are shown in Supplementary Figure 2A of
Supplementary Data.

Mice treated with clozapine exhibited lung (Figure 4K)
and skin metastases (50 % and 17 %, respectively). All
other organs examined were metastasis free.
Interestingly, no metastases in any of the tissue
slides tested were detected in animals treated with
JNJ28610244 (Figure 4A, 4C, 4E, 4L, 4M).
In line with these results, it is well established
the involvement of extracellular matrix-degrading
enzymes, such as matrix metalloproteinase MMP2, in
melanoma progression and metastasis [27]. In vitro results
demonstrate that H4R agonists (histamine, clozapine and
VUF8430) decreased the gelatinolytic activity of MMP2
in 1205Lu cells (Figure 2E).
It is important to highlight that no adverse effects
were found in the physical conditions of the experimental
animals or in their behavior with the treatments employed.
Moreover, non-toxic evidence was found under microscopic
analysis inspection of the organs. Besides, none aberrant or
side effects over the population elements of bone marrow or
stromal alterations were observed (Supplementary Figure 3
of Supplementary Data).

Expression levels of H4R, histidine decarboxylase
and histamine in human benign melanocytic
lesions (nevi) and in malignant melanomas.
Correlation analysis between H4R levels and
proliferation in human melanoma
Immunohistochemical analysis indicates that 100%
(19/19) of benign biopsies and 63% (12/19) of melanomas
were positive for the expression of H4R (Figure 5A, 5B),
exhibiting lower expression levels of the receptor subtype
in melanoma lesions (P = 0.0452). Histidine decarboxylase
expression was detected in 89.5% (17/19) of malignant
tissues and in 79% (15/19) of nevi. The enzyme levels
were significantly higher in melanomas (P = 0.0096).
Additionally, histamine intracellular content was detected
in high levels, showing no significant differences between
groups (P = 0.9639) (Figure 5B).
Analysis of PCNA expression and MI in the 19
specimens with diagnosis of malignant melanoma showed
a direct correlation between them, consistent with previous
studies that addressed this issue and postulated PCNA antigen
as a prognostic marker of this disease [28, 29] (Spearman rho
correlation coefficient r: 0.7706, ***P = 0.0001).
Interestingly, H4R expression levels inversely
correlated with MI evaluated in melanoma biopsies
(Figure 5C, Spearman rho correlation coefficient
r: −0.5770, **P = 0.0097) and with PCNA expression
(Figure 5B, 5D, Spearman rho correlation coefficient
r: −0.7240, ***P = 0.0005), reinforcing the idea of an
important relationship between the expression levels
of this receptor subtype and the rate of proliferation
exclusively in melanomas (Figure 5E–5L).
Correlation analysis performed in benign
biopsies showed no significant results (data not shown).

Evaluation of metastatic potential
After studies on primary tumors, necropsy of all
animals was performed in order to evaluate metastatic
spread of 1205Lu cells to lymph nodes, spleen, lungs,
skin, liver, heart, brain and bone marrow. Results are
summarized in Figure 4A.
In control group, 43 % of the animals exhibited
micrometastases on lymph nodes (including locoregional
nodes) (Figure 4B), 71 % spleen metastases (Figure 4D), 85%
lung metastases (Figure 4I) and 43 % showed metastases
in the skin. Positive immunostaining of HMB-45
and TYR antigens was observed in multinucleated giant
cells of lymph nodes and in giant cells of the spleen
(Figure 4F, 4G), as well as in lung and skin metastases (data
not shown), confirming the specificity of melanocytic lineage.
In contrast, animals treated with histamine showed
occurrence of lung metastases only (33 %) (Figure 4J).
www.impactjournals.com/oncotarget
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Figure 2: H4R-induced biological responses in 1205Lu cells. Cells were left untreated (control) or treated with histamine (HA),

clozapine (CLZ), JNJ28610244 (JNJ28) or VUF8430 (VUF) and/or 10 μM JNJ7777120 (JNJ77) (A) Clonogenic assay. (B) Incorporation of
BrdU-positive cells assessed by immunocytochemistry 48 h after treatment. (C) L-dopa staining with melanin precursor (10 mM L-dopa).
evaluated 10 days after treatment. Localization of dopa-oxidase was indicated by the presence of an insoluble brown/black precipitate.
Pictures were taken at 200X-fold magnification. Scale bar = 20 µm. Arrows indicate cell prolongations. Positive control: 16 nM TPA +
L-dopa. Inset: Tyrosinase expression in 1205Lu was evaluated by RT-PCR (284 bp). Lanes: M, DNA ladder molecular size marker; 1,
Negative control (without cDNA); 2: Positive control (M1/15 human melanoma cells), 3: 1205Lu cells. β-actin (521 bp) was used as
load control. (D) Senescence-associated to β-galactosidase staining evaluated 48 h after treatment. (E) MMP-2 gelatinololytic activity
determined 24 h after treatment, MCF-7 cells were used as positive control. Error bars represent the means ± SEM of three independent
experiments (ANOVA and Dunnett’s Multiple Comparison Test, *P < 0.05, **P < 0.01, ***P < 0.001 vs. control; ANOVA and Newman–
Keuls Multiple Comparison Test, ##P < 0.01, ###P < 0.001 vs. JNJ77+HA or H4R agonist). Results are representative of three independent
experiments.
www.impactjournals.com/oncotarget
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Table 1: Histopathology and immunohistochemistry of 1205Lu xenografted tumor into nude mice
Control

Histamine

Clozapine

JNJ28610244

2.0 ± 0.6

3.5 ± 0.3

2.5 ± 0.3

3.5 ± 0.3

3.5 ± 0.9
3.5 ± 0.8

3.0 ± 0.6
2.0 ± 0.3

3.0 ± 0.6
2.0 ± 0.2

2.5 ± 0.3
1.0 ± 0.2**

PCNA b

83.0 ± 9.0

35.0 ± 10.0**

40.0 ± 4.0**

24.0 ± 7.6***

Mitotic index c

19.0 ± 2.0

9.0 ± 2.0**

12.0 ± 3.0*

10.0 ± 2.0*

Vessels d

19.0 ± 1.0

12.0 ± 3.0*

12.0 ± 2.0*

10.0 ± 3.0*

Neutrophils e

27.0 ± 9.8

7.0 ± 1.5

3.4 ± 0.9#

4.8 ± 2.0#

Lymphocytes f

5.0 ± 1.2

7.0 ± 1.9

11.0 ± 3.8

16.0 ± 3.8#

H4R

a

Histamine
HDC a

a

Score of stained cells; b Percentage of positive nuclei; c number of cells with visible chromosomes at 400X magnification in 5
random fields; d number of intratumoral vessels at 200X magnification in 10 random fields (hot spots); e number of neutrophils
with visible segmented nucleus at 400X magnification in 5 random fields, f number of lymphocytes at 400X magnification in
5 random fields Results were expressed as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001 vs. Control group; Unpaired
t-test. #P < 0.05 vs. Control group; ANOVA Dunnett’s Multiple Comparison post-Test.
a

In addition, the analysis between histidine decarboxylase
or intracellular histamine and proliferation markers
(Supplementary Figure 2B of Supplementary Data) or
against H4R expression levels in malignant tissue (data not
shown) showed no significant correlations.

Nude mice with established subcutaneous 1205Lu
tumors were employed to evaluate the effect of the
combination therapy in vivo. Histamine treatment (1 mg/kg.
day, sc. administration) potentiated the antitumoral effect
of radiation (5 doses of 2 Gy), decreasing tumor size and
increasing tumor doubling time (Figure 7A, Table 2).
Histopathological analysis demonstrated that radiation
increased the fibrous connective tissue while decreased the
PCNA proliferation marker. Histamine further decreased
proliferation marker expression (Figure 7B). Apoptosis
was rare and a slight increase was observed in histamine
treated and irradiated tumors (Figure 7B).

Combined therapy using histamine and
radiation in an experimental model of melanoma
Considering the complexity and poor prognosis
of melanoma, new combination therapies need to be
explored.
In an effort to improve outcomes even further,
we next evaluated the anti-proliferative efficacy of the
combined therapy of histamine with ionizing radiation.
The combination demonstrated significant inhibition of
cell proliferation and histamine radiosensitized 1205Lu
cells (fraction of surviving cells after exposure to 2 Gy
dose, 2 Gy SF: 0.14 ± 0.03 vs. 0.34 ± 0.02) (Figure 6A).
The combination of histamine and radiation induced
cell cycle accumulation in G2/M phase (Figure 6B)
while significantly enhanced apoptosis in 1205Lu cells
(Figure 6C, 6D). We have previously reported that
histamine modulated oxidative stress and DNA damage
in irradiated breast cancer cells. In 1205Lu melanoma
cells, 2 Gy radiation dose increased ROS and 8-OHdG,
a marker of oxidative DNA damage, in both histamine
treated and non-treated cells (Figure 6E, 6F). Nevertheless,
histamine potentiated radiation-induced double strand
breaks, enhancing gH2AX foci (Figure 6H, 6I) and lipid
peroxidation as evidenced by an increase in TBARS levels
(Figure 6G). Non-significant changes in the radiobiological
parameter were observed with two H4R agonists,
suggesting that other histamine receptor is involved in
histamine radiosensitization. In this regard, an H3R agonist
mimicked histamine effect when combined with radiation
(Supplementary Figure 4A, 4B of Supplementary Data).
www.impactjournals.com/oncotarget

DISCUSSION
The H4R discovery with functional presence in a
wide range of tissues, including some tumors, revealed
new features of histamine and new perspectives in the
pharmacology of this receptor [30–32]. In order to
strengthen the observations obtained in a model of primary
melanoma developed with human M1/15 melanoma
cells [9] and further study the role of H4R in malignant
progression, evaluating the effect of treatments against
tumor invasion and spread, a metastatic melanoma model
was investigated using the invasive 1205Lu cells [19, 20].
Among agonists, the atypical neuroleptic clozapine
has been demonstrated to activate the H4R, as it was
previously reported [9, 31, 33]. To further investigate some
functional characteristics of the H4R, a more selective
H4R agonist, JNJ28610244 compound, was employed
in vitro and in vivo. This experimental compound has
demonstrated excellent potency and selectivity for the
H4R and thus, serves as a useful pharmacological tool for
exploring and better understanding the role of H4R [34].
In vitro studies showed that 1205Lu cells express
H4R at mRNA and protein levels. Treatment with
histamine, clozapine or JNJ28610244 significantly reduces
26476
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Figure 3: Antitumoral effect of H4R agonists in 1205Lu xenografted tumor induced in nude mice. (A) Evaluation of

relative tumor volume. Daily sc. treatment 1 mg/kg of histamine (HA), clozapine (CLZ) or JNJ28610244 (JNJ28) significantly diminished
the tumor volume, evidencing this effect at the end of the experiment. Non-linear regression fit was performed to evaluate the exponential
growth, (Repeated Measures ANOVA, ***P < 0.001 HA, CLZ and JNJ28 vs. control; Two-way ANOVA and Bonferroni post-test #P < 0.05
JNJ28 vs. control). (B) 1205Lu tumors showed vertical growth (arrow), with invasion of reticular dermis (H&E staining, 200X-fold
magnification). (C) 1205Lu tumors demonstrated intratumoral neutrophils (green arrow). (D) Dilated lymphatic vessels (red arrows,
Masson´s trichromic staining, 200X-fold magnification). (E) Lymphatic emboli (arrow, H&E staining, 400X-fold magnification). Presence
of tumor cells in mitosis. (F) HMB-45 positive and (G) Tyrosinase positive immunostaining. Scale bars = 100 and 20 µm. (H) Tumors of
the control group showed significant anisocytosis and anisokaryosis, nuclear pleomorphism and atypical mitosis (yellow arrows). Tumors
of mice treated with histamine, clozapine or JNJ28610244 presented cell homogeneity, with rounded and uniform nuclei with typical
mitosis, and presence of inflammatory infiltrates (white arrows), (H&E staining, 400X-fold magnification). Immunohistochemistry of
1205Lu xenografted mice. Formalin-fixed paraffin embedded tissue sections of control, histamine, clozapine, and JNJ28610244 mice were
stained to evaluate intracellular levels of histamine, HDC, H4R expression, proliferation and vascular and connective tissue morphology.
Pictures were taken at a 400X-fold magnification for immunostaining (Scale bar = 20 µm) and 50X-fold magnification for trichromic stain
(Scale bar = 100 µm).
www.impactjournals.com/oncotarget
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Figure 4: Analysis of the metastatic potential of 1205Lu xenografted tumor in mice. (A) Number of animals with metastases

of the total number of animals in the experimental group. (B) Giant multinucleated cells (yellow arrows) in lymph nodes and (D) in
spleen of control mice. (C) Lymph nodes and (E) spleen of 1 mg/kg JNJ28610244 treated mice showing no particularities (H&E staining,
100X-fold magnification, inset: 400X-fold magnification). Scale bar = 20 µm. (F) Representative pictures of HMB-45 and (G) tyrosinase
(TYR) positive immunostaining of giant multinucleated cells of spleen, confirming linage specificity. (H) Spleen of treated animals did
not give signal for these antigens (negative immunostaining), confirming the absence of metastases. Pictures were taken at 400X-fold
magnification. Scale bar = 20 µm. Representative images of lungs from (I) control, (J) histamine, (K) clozapine and (L) JNJ28610244
groups. Blue arrows indicate presence of lung metastases (H&E, 50X-fold magnification, scale bar = 100 µm). (M) The number of lung
metastases was evaluated in mice treated with saline solution (control), 1 mg/kg histamine (HA), clozapine (CLZ,) or JNJ28610244
(JNJ28). Each dot represents the number of metastasis per mouse. The middle line represents the average number (Kruskal-Wallis nonparametric Test and Dunn’s Multiple Comparison test, *P = 0.0214).
www.impactjournals.com/oncotarget
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Figure 5: Immunohistochemical detection of H4R, histamine, HDC and PCNA in benign and malignant lesions derived
from human melanocytic tissues. (A) H4R expression level in nevi and melanoma tissues. Each dot represents a score (intensity of
stained cells). The middle line represents the average number (Mann-Whitney non-parametric two tail Comparison Test, *P = 0.0452). (B)
Representative pictures show examples of immunostaining for H4R, histamine, HDC and PCNA in superficial spreading melanoma, nodular
melanoma, acral lentiginous amelanotic melanoma, subcutaneous melanoma metastasis, intradermal nevus, and junctional nevus. Red arrow
indicates lymphoid cells positively stained. Yellow arrows indicate melanin content. Pictures were taken at 630X-fold magnification. Scale
bar = 20 µm. (C) Spearman’s inverse correlation between H4R and mitotic index (correlation coefficient rho, r: −0.5770, **P = 0.0097);
(D) Spearman’s inverse correlation between H4R and PCNA expression (correlation coefficient rho, r: −0.7240, ***P = 0.0005). Primary
melanoma: (E, F) Nodular melanoma with high H4R expression levels and low PCNA; (G, H) Superficial amelanotic melanoma with low
expression of H4R and high PCNA levels. Metastases: (I, J) Sentinel lymph node with melanoma partial metastases with high H4R levels
and low PCNA expression, (K, L) Subcutaneous melanoma metastasis with low H4R expression and high PCNA levels. Pictures were taken
at 630X-fold magnification. Scale bar = 20 mm.
www.impactjournals.com/oncotarget
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Figure 6: Effect of histamine on the radiosensitivity of melanoma cells. 1205Lu cells were cultured in presence or absence of

histamine (HA) and were irradiated 24 h after treatment. (A) Clonogenic survival was determined. Radiobiological parameters of 1205Lu
cells were obtained from the survival curves adjusted to the linear quadratic model [SF= e-(αD+βD2)]. Values are means ± SEM of 3 independent
experiments performed in triplicates. Inset: 2 Gy SF of untreated and histamine-treated cells. (B) The percentage of cells in different phases
of the cell cycle was monitored 24 h after irradiation using flow cytometry. Results represent the mean value of 3 independent experiment
(***P < 0.001 vs. % S phase of Control; ##P < 0.01 vs. % G2/M phase of 2 Gy Control. ANOVA and Newman-Keuls post test). (C)
Percentage of apoptotic cells was determined 24 h after irradiation by the TUNEL assay (***P < 0.001 vs. Control; #P < 0.05 vs. 2 Gy
Control. ANOVA and Newman-Keuls post test), and by (D) Annexin-V staining and flow cytometry. Annexin-V positive cells are shown
in both right quadrants of dot plot. (E) Measurement of intracellular ROS by flow cytometry (*P < 0.05, ANOVA and Newman-Keuls
post test). (F) Mean fluorescence analysis of 8-OHdG determined by flow cytometry (*P < 0.05 vs. Control, ANOVA and Newman-Keuls
post test). (G) Percentage of thiobarbituric acid reactive species (TBARS) with respect to untreated cells (control), (*P < 0.05 vs. Control,
ANOVA and Newman-Keuls post test). (H) DNA double strand breaks were evidenced by γH2AX foci formation. The average number of
foci per cell was determined 20 min after irradiation. Representative pictures were taken at a 400X-fold magnification (Scale bar = 20 µm).
(I). γH2AX (15 kDa) was assayed by Western blot. β-actin (42 kDa) was used as loading control. Semiquantitative analyses of band
intensities are shown (n = 3).

proliferation, which was associated with an increase
in cell senescence and an induction of melanogenesis
and extensions development, main characteristics of
terminal melanocytic differentiation. In agreement with
these results, histamine and H4R agonists decreased the
proliferation and induced apoptosis and cell senescence
of human breast cancer cells [33, 35] while suppressed
human cholangiocarcinoma progression, decreasing tumor
invasion and growth [36].
In vivo studies show that histamine, clozapine
or JNJ28610244 reduce tumor growth after 4 weeks of
treatment. Accordingly, these compounds significantly
decreased tumor volume in vivo in a human triple negative
breast cancer experimental model [33]. Furthermore, the
H4R agonist 4-methylhistamine significantly decreased
tumor volume and increased survival of mice bearing
xenograft non-small cell lung cancer tumors [37].
Ex vivo studies revealed that 1205Lu tumors
exhibit a nodular growth pattern in mice dermis like
M1/15 melanoma experimental model [9]. Histologically,
1205Lu tumors were highly undifferentiated with
presence of multiple giant cells, explosive mitosis, with
a rich vasculature, neutrophils infiltrate, presenting
dermis invasion and rapid ulceration. Balch et al.,
demonstrated that ulcerated lesions exhibit minimal
inflammatory response, which worsen the prognosis and
decrease patient survival from 80% to 55% compared
to non-ulcerated melanomas, in which Breslow index is
significant [38]. In contrast, tumors from treated animals
are characterized by a predominance of epithelioid cells
with typical mitosis and an increased lymphocytes and
decreased neutrophils infiltrates. The immune system is
involved in the pathogenesis of cancer, and may contribute
either to disease progression or to inhibit tumor growth. A
prominent lymphocyte infiltration and dendritic cells are
considered as a favorable prognostic factor in malignant
melanoma and metastatic melanoma, increasing the
survival of patients [39, 40]. Clinical data of pigmented
lesions have shown that the absence of tumor lymphocytic
infiltration, increased intratumoral neutrophils, high
Breslow thickness, presence of ulceration and masculine
sex, predict the increased occurrence of lymph node
www.impactjournals.com/oncotarget

metastases in patients with primary cutaneous melanoma
undergoing sentinel node biopsy [41, 42, 43]. Cancer
models developed in athymic nude mouse, widely used to
study human tumors, have impaired immune system and
thus, it is not possible to effectively evaluate the role of
the immunity in tumor progression and response to anticancer treatments. Further studies in melanoma syngeneic
models with normal host immune system are needed to
identify the role of tumor immunity and characterize the
tumor-infiltrating lymphocytes and other immune cells in
histamine´s effect on melanoma.
Immunohistochemical studies show significant levels
of H4R, but non-significant changes upon treatments were
observed. Interestingly, treatment with the selective H4R
agonist JNJ28610244 produces a significant reduction of
tumoral histidine decarboxylase expression levels, enzyme
that has been found elevated in several tumors [5]. In addition,
MI and tumoral PCNA expression are diminished in animals
treated with histamine, clozapine or JNJ28610244. MI is an
important prognostic factor, predicting overall survival and
response to chemotherapy. Mitotic rate was considered the
strongest prognostic factor after tumor thickness in primary
melanoma [44]. Additionally, PCNA correlates directly with
patient survival and metastatic tumor behavior [45, 46].
Lymphogenous and hematogenous metastasis can
occur in melanoma [47]. In this sense, H4R agonists
together with a reduction of tumor volume, produce
changes in the morphology and the number of vessels.
Both findings are in accordance with previous results
obtained in M1/15 primary melanoma model [9]. The
molecular mechanisms underlying the effects of these
compounds on angiogenesis remain unknown and
deserve further investigation. Numerous studies show
that histamine is involved in the angiogenesis and might
exert pro- or anti-angiogenic effects, depending on the
concentration employed, the presence of co-factors and/or
the tumor microenvironment characteristics [48–50].
Interestingly, histological analysis revealed dilated
lymph vessels, often containing tumor emboli, in tumors
of the control group. These intrinsic characteristics of
invasive and metastatic tumors are not observed in animals
treated with histamine, clozapine or JNJ28610244.
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Cutaneous melanoma is considered to have a high
metastatic potential. Control animals showed melanoma
metastasis in lymph nodes, spleen, skin and lungs. The lung
is one of the most common sites of initial recurrence of this
disease, accounting for 36–42% of initial metastases [51].
The number of animals affected with lung metastases
decrease with histamine and clozapine while metastasis
in spleen and lymph nodes are completely prevented with
both treatments. Interestingly, JNJ28610244 treatment
inhibits the occurrence of metastasis in all organs tested.
These results support the hypothesis that primary tumors,
which exhibit low levels of proliferation (PCNA and MI)
and a reduced angiogenesis, are associated with decreased
metastatic spread.
Metastasis is a multistep process, which includes
proliferation, neovascularization, immune system evasion,
lymphangiogenesis, invasion, circulation, embolism,
extravasation and colonization [47]. Therefore, we consider
that all these processes are potential mechanisms that could
be involved in the reduction of metastatic spread along
with results obtained in in vitro experiments, in which
histamine and H4R agonists reduce cell proliferation,
increase tumor cell senescence and differentiation and
interestingly decrease the gelatinolytic activity of MMP-2,
a regulator of tissue invasion.
In accordance with our previous published data
[9, 33], no side toxic effects in organs were observed,
indicating that these compounds could be administered
safely at the concentration employed.
The presence of H4R in benign and malignant
lesions of melanocytic lineage further highlights the
potential clinical use of histamine for the treatment of

melanoma. H4R expression levels were significantly
higher in benign lesions than in malignant tissues. These
results are in accordance with recently reported studies of
colorectal adenomas and carcinomas biopsies, in which
lower levels of H4R expression were detected in tumor
tissues compared to cells of normal colonic mucosa
[52, 53]. Furthermore, it was reported reduced expression
of this receptor in advanced gastric cancer samples
compared to normal tissue [54]. On the other hand, in
cholangiocarcinoma, H4R expression levels are increased
relative to non-malignant tissues [36]. Melanoma exhibits
high histamine content [55]. In this context, results
indicate that although histidine decarboxylase levels
are significantly higher in melanomas than in nevi, and
it is expressed in a greater number of malignant respect
to benign lesions, the content of intracellular histamine
was similar in both tissues. This observed effect may
be due to differences in the histamine catabolism and/
or in histidine decarboxylase activity between nevi and
melanomas.
Regarding proliferation, PCNA expression levels
and MI are significantly elevated in melanoma compared
to benign biopsies. Interestingly, our studies revealed
that H4R expression level in this tumor type is negatively
correlated with both proliferation and prognostic markers.
This fact demonstrates the association between low
proliferation rate in melanomas that exhibit significant
levels of this histamine receptor subtype. The study of a
higher number of samples and the monitoring of patients
is required to better understand the H4R role in human
melanoma progression and to determine if it might be a
prognostic marker for this disease.

Figure 7: Combined effect of radiation and histamine on melanoma tumors induced in nude mice. (A) Evaluation of

relative tumor volume in untreated (control), untreated and 2 Gy irradiated (control 2 Gy) and histamine-treated and 2 Gy irradiated animals
(Histamine 2 Gy). Tumor volumes were measured by day and non-linear regression fit was performed to evaluate the exponential growth,
(Repeated Measures ANOVA and Dunnet post-test, **P < 0.01 Histamine 2 Gy vs. control; Two-way ANOVA and Bonferroni post-test
#
P < 0.05, ###P < 0.001 Histamine 2 Gy vs. control). (B) Histological and immunohistochemical analysis. Formalin-fixed paraffin embedded
tissue sections of the different groups were stained to evaluate histopathological characteristics (H&E), proliferation (PCNA) and apoptosis
(TUNEL). 630X original magnification. Scale bar = 20 µm.
www.impactjournals.com/oncotarget
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Table 2: Effect of radiation and histamine treatment on tumor doubling time
Tumor doubling time (days)

Control

Histamine

Control 2 Gy

Histamine 2 Gy

11.2 ± 1.0

14.7 ± 1.0

17.1 ± 1.1

21.1 ± 5.7*

Tumor doubling time of each group is depicted numerically. Results were expressed as mean ± SEM, ANOVA and NewmanKeuls Multiple Comparison post Test, (*P < 0.05 vs. Control).
Novel targeted therapies for metastatic melanoma
were rationally design, like BRAF inhibitors and
modulators of the immune response that interfere with
T-cell function [2]. However, survival of melanoma
patients is still disappointing and treatments such as
monotherapy have significant limitations. Therefore, there
is growing interest in using these therapeutic modalities in
combination. The combined use of two targeted therapy
drugs can treat advanced melanoma more effectively;
however, it has more side effects. Despite melanoma has
conventionally been considered as a radioresistant cancer
that lead to limited indications for radiation [56], combined
radiotherapy and targeted therapies or immunotherapy has
led to resurgence of interest in radiation therapy for this
disease [57].
In this regard, results further indicate that histamine
enhances the response against ionizing radiation of
1205Lu cells. The rationale behind this combination is
based on the potential radiosensitization of breast cancer
cells with histamine previously reported [58].
In the present study, we show that histamine
increases radiosensitivy of melanoma cells in vitro,
inducing G2/M cell cycle arrest that is considered the most
radiosensitive cell cycle phase [59]. In addition, histamine
treatment enhances radiation-induced apoptosis, lipid
peroxidation and DNA damage of melanoma cells. The
radiosensitizing effect of histamine was further confirmed
in vivo, where histamine improves radiation-induced
decrease in tumor growth. These results agree with
previous data in a breast cancer model in which histamine
potentiates the anti-tumoral effects of radiation [58].
In the light of the above described findings, we
conclude that H4R has a crucial role in the regulation
of proliferation and progression of human melanoma.
Stimulation of H4R by specific ligands may represent a
novel therapeutic strategy in those tumors that expresses this
receptor. Further studies and clinical trials will be needed to
confirm the therapeutic potential of these compounds.
Finally, histamine may be used in combination
therapy to increase efficacy and decrease toxicity for
melanoma treatment, especially considering that it is being
used in clinical trials as an adjuvant to immunotherapy.

Ellisville, Missouri, USA); clozapine (CLZ), (kindly provided
by Fabra Laboratories S.A, Buenos Aires, Argentina);
JNJ28610244 (JNJ28), (Janssen Research & Development,
San Diego, USA). H3R agonist: (R)(−)-α-Methylhistamine
dihydrochloride (RαMeH), (Sigma Chemical Co., MO,
USA). H4R antagonist: JNJ7777120 (JNJ77), (Janssen
Research & Development, San Diego, USA).

Cell culture
Human metastatic melanoma cell line, 1205Lu
(ATCC® CRL 2812™), was cultured in RPMI 1640
supplemented with 10% (v/v) FBS, 0.3 g/L glutamine, and
0.04 g/L gentamicin (all from Gibco BRL, Grand Island,
NY, USA). Cells were maintained at 37°C in a humidified
atmosphere containing 5% CO2.

RT-PCR
The retrotranscription reaction was performed with
2 µg of RNA that was isolated using TRIZOL reagent,
according to the manufacturer´s instructions (Invitrogen,
USA). Negative controls were performed with water
instead of cDNA. WM35 (American Type Tissue Culture
Collection, USA), human primary melanoma cell line,
was used as positive control to compare the expression of
histamine H4 receptor [8]. Detection of histamine receptors
and tyrosinase were carried out as it was described
previously [8]. H4R fragment identity was corroborated by
sequenciation (Macrogen, Korea). M1/15 melanoma cell
line was used as positive control of tyrosinase expression.
β-actin was used as load control. All primers and PCR
conditions used are summarized in Supplementary Table 1
of Supplementary Data.
PCR products were subjected to gel electrophoresis
and photographed using a Sony Cyber-Shot DSC-S75
camera.

Western blot analysis
Cells were placed on ice and washed twice with
cold phosphate-buffered saline (PBS). Cells were then
scraped into a lysis buffer (100 mM Tris/HCl buffer, pH 8,
containing 1% Triton X-100 and protease inhibitors) and
incubated for 15 min on ice. After centrifugation at 6000
rpm for 10 min, the supernatants were used for protein
determination according to Bradford assay [60].
Equal amounts of proteins (100 μg) were
fractionated on SDS-polyacrylamide gels (12%) and
transferred electrophoretically onto nitrocellulose

MATERIALS AND METHODS
Chemicals
Histamine (HA), (Sigma Chemical Co., Missouri,
USA); H4R agonists: VUF 8430 (VUF), (Tocris Bioscience,
www.impactjournals.com/oncotarget
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membranes (Sigma Chemical Co., USA). Membranes
were blocked and probed overnight with primary rabbit
anti-H4R (1:500, catalog number H4R41-A, Alpha
Diagnostic International, USA). WM35 melanoma
cells were used as positive control and HEK293 human
embryonic kidney cells as negative control to compare the
expression of H4R.
For phosphorylated H2AX detection, rabbit antiγH2AX (1:500, catalog number 2577 γH2AX, Cell Signaling
Technology) was used.
Immunoreactivity was detected by using horseradish
peroxidase-conjugated anti-rabbit IgG (catalog number
A0545), (1:1000), (Sigma Chemical Co., MO, USA) and
visualized by enhanced chemiluminescence (Amersham
Biosciences, USA). Densitometric analyses were
performed using the software ImageJ 1.32j version (NIH,
Massachusetts, USA).

USA) incorporation as previously described [9]. Cells
were seeded into 12-well plates in culture medium
(25000 cells/well), and treated with 10 µM of histamine,
clozapine, JNJ28610244 and/or 10 µM of JNJ7777120 for
48 h. Light microscopy was performed on an Axiolab Carl
Zeiss microscope (Göttingen, Germany). All photographs
were taken at 630X magnification using a Canon PowerShot G5 camera (Tokyo, Japan).

Senescence-associated β-galactosidase staining
Cells were seeded into 12-well plates in culture
medium (25000 cells/well) and were left untreated or
treated with 10 μM histamine, clozapine, JNJ28610244
and/or 10 μM JNJ7777120 for 48 h. Senescence-associated
β-galactosidase-positive cells were detected using the
method described by Dimri et al. [61]. Briefly, cells were
fixed and incubated at 37°C for 8 h with 1 mg/ml 5-bromo4-chloro-indolyl-β-galactoside (USB Corp., USA) in an
appropriate buffer. After incubation, cells were washed
twice with PBS and counterstained with hematoxylin
and the percentage of β-galactosidase-positive cells was
assessed under light microscopy (Axiolab Carl Zeiss,
Göttingen, Germany). All photographs were taken at
630X magnification using a Canon PowerShot G5 camera
(Tokyo, Japan).

Immunostaining
Cells were seeded into 12-well plates with
coverslips in culture medium (25000 cells/well) for 48 h.
The cells were washed twice with PBS and fixed for 15
min in 4% (v/v) formaldehyde in PBS. The cells were then
incubated overnight in a humidified chamber at 4°C with
primary rabbit anti-H4R (1:100, catalog number H4R41-A,
Alpha Diagnostic International, USA). After washing,
cells were incubated with FITC-conjugated anti-rabbit
(1:400) (Bio-Rad Laboratories, USA), and nuclei were
counterstained with ethidium bromide (Sigma Chemical
Co., USA) at room temperature. Coverslips were mounted
with FluorSaveTM Reagent (Calbiochem, USA) and
fluorescence was evaluated by confocal microscopy using
an LSM 510 Laser scanning microscope (Carl Zeiss). All
photographs were taken at 400X or 1000X magnification
using a Cool Snap digital camera and ZEN 2009 Light
Edition Software (Carl Zeiss MicroImaging). WM35 and
M1/15 melanoma cells were used as positive control.
HEK293 human embryonic kidney cells were used as
negative control to compare the expression of H4R.

L-dopa staining
Staining with L-dopa was performed using the
method described by Hamoen et al. [62]. Cells were
seeded into 12-well plates in culture medium (780 cells/
well) and were untreated (control) or treated for 10 days
with 10 μM histamine, clozapine, JNJ28610244 and/or
10 μM JNJ7777120. TPA (12-O-Tetradecanoylphorbol
13-acetate) was used as positive control of pigment
formation and morphological changes in a final
concentration of 16 nM [63, 64]. The location of dopa
oxidase (tyrosinase) was indicated by the presence of an
insoluble brown/black precipitate. All photographs were
taken at 200X magnification using a Canon PowerShot G5
camera (Tokyo, Japan).

Cell proliferation assays

Gelatin zymography

For clonogenic assay, 1205Lu cells were seeded
in six-well plates (1000 cells/well). Cells were untreated
(control) or treated with 0.01 to 10 µM of histamine,
clozapine (diluted in 0.5% ethanol final concentration),
JNJ28610244 and/or 10 µM JNJ7777120. Cells were
incubated for 7 days and then fixed with 10% (v/v)
formaldehyde in PBS (Sigma Chemical Co., Missouri,
USA) and stained with 1% (w/v) toluidine blue in 70%
(v/v) ethanol. The clonogenic proliferation was evaluated
by counting the colonies containing 50 cells or more and
was expressed as a percentage of the untreated wells.
Quantification of cellular DNA synthesis was
performed by BrdU (Sigma Chemical Co., Missouri,
www.impactjournals.com/oncotarget

After 24 h in serum free RPMI medium,
supernatants from cell cultures were collected, mixed
with non-reducing buffer and electrophoresed on 7%
SDS-polyacrylamide gels with 0.1% gelatin (Sigma,
Chemical Co., MO, USA). The gels were washed with
0.5% Triton X-100 (v/v) in Tris-buffered saline (TBS),
pH 7.4 for 30 min, rinsed briefly with TBS, and incubated
in TBS, pH 7.4 supplemented with 1 mM Ca2+ at 37◦C
for 24 h. Gelatinolytic activity was visualized by staining
zymograms with Coomassie Brilliant Blue G250 (Sigma,
Chemical Co., MO, USA) and destaining in acetic acid26484
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methanol-H2O (1:3:6). MCF-7 cell line was used as
positive control of MMP2 activity. Activity of lytic bands
was determined by densitometry employing the ImageJ
1.32j version (NIH, Massachusetts, USA) software.
Results were expressed for each treatment as % of optical
density respect to control cells (% MMP-2 activity).

Prism version 6. The exponential growth equation was
Yt =Y0xe(kxt), where Y0 was the initial tumor volume that
increased exponentially with a rate constant, k. The tumor
doubling time was calculated as 0.69/k.
Treatments lasted 30 days, the animals were
sacrificed by cervical dislocation at the end of the
experiment or when they presented one or more criteria of
death (endpoints) [66, 69].

Treatments and animals

Histochemistry and immunostaining

Histamine was diluted in saline solution. Clozapine
and JNJ28610244 were diluted in 0.1 N HCl, neutralized
with 4 N NaOH and finally diluted with saline solution.
Specific pathogen-free athymic male nude (NIH
nu/nu) mice were purchased from the Division of
Laboratory Animal Production, School of Veterinary
Sciences, University of La Plata, Buenos Aires
(Argentina), and maintained in sterile isolated conditions.
Mice were kept 5–10 per cage and maintained in our
animal health care facility at 22 to 24°C and 50% to 60%
humidity on a 12 h light/dark cycle with food and water
available ad libitum. Animals with an age of 8–10 weeks
and an average weight of 25 g were used. All animal
protocols were supervised and managed by qualified
trained personnel according to international guidelines for
animal care.
The animal procedures were in accordance with
recommendations from the National Institute of Health
Guide for the Care and Use of Laboratory Animals
(NIH Publications No. 8023) and the Guidelines for the
welfare and use of animals in cancer research [65, 66, 67].
All procedures involving animals were reviewed and
approved by the Ethical Committee for the Use and Care
of Laboratory Animals of the School of Pharmacy and
Biochemistry.
1205Lu cells (2.5 × 106) were collected by
centrifugation and resuspended in 100 μL RPMI-1640
(GIBCO, Grand Island, New York, USA). Human
melanoma tumors were induced by subcutaneous (sc)
injection of human melanoma cells into the right flank of
twenty-five male athymic nude mice. The animals were
randomly separated according to Johnson and Besselsen
[68], into four groups and received a subcutaneous daily
injection of saline solution (control group, n = 7), 1 mg/kg
histamine (HA, n = 6), 1 mg/kg clozapine (CLZ, n = 6) or
1 mg/kg JNJ28610244 (JNJ28, n = 6).

Tumors were excised, fixed in 4% (v/v)
formaldehyde in PBS (formalin), paraffin embedded
and sliced into 3–4 µm thick sections to evaluate the
expression levels of H4R (1:75, Catalog number H4R41-A,
Alpha Diagnostic International, TX, USA), HDC (1:100,
Catalog number B-GP 265-1, Euro-Diagnostica, Sweden)
and histamine (1:100, catalog number H7403, Sigma
Chemical Co., MO, USA).
Cell growth was assessed by determining the
PCNA (1:100, clone PC10, Dako Cytomation, Denmark)
expression and by mitotic index (MI), as the number of
cells with visible chromosomes in 400X magnification
fields. Melanocytic linage was evaluated by expression
of TYR (1:75, clone T311) and HMB-45 (1:75, clone
HMB45, Dako Cytomation, Denmark). The appropriate
secondary HRP-conjugated antiserum was employed in
each case. 3,3‑diaminobenzidine (DAB) tablets were used
for staining and hematoxylin for counterstaining.
Histopathological examination was performed
on hematoxylin-eosin (H&E) and Masson´s trichromic
stained specimens (Biopur diagnostic, Buenos Aires,
Argentina). Vascular morphology was evaluated on
stained sections at 50X magnification to identify the
largest vascular areas around the tumor. In these hot spots,
intratumoral vascularity was evaluated by counting vessels
at 200X magnification in 10 random fields. Number of
neutrophils with visible segmented nucleus and number of
lymphocytes were evaluated on H&E stained sections by
counting cells at 400X magnification in 5 random fields.
For H4R, histidine decarboxylase and histamine
level evaluation, staining diffuse positive cytoplasms
(and/or perinuclear staining for TYR and HMB-45) were
considered as positive cells. For the content of H4R,
histamine and histidine decarboxylase, a score based on
the intensity of uniform color was determined as: 0 (not
detectable), 1 (very low), 2 (low), 3 (moderate), 4 (high), 5
(very high). PCNA percentage was evaluated by counting
positive nuclei on the total number of nuclei in 15 random
fields. These scorings were previously published [70–72].
Metastatic spread analysis was performed over
cuts of excised organs. They were fixed in 4% (v/v)
formaldehyde in PBS, embedded in paraffin and cut
into sections of 3–4 microns. Tissue morphology
was examined on tissue sections after H&E staining
and immunodetection of H4R, histamine, histidine

Tumor growth
The length and width of the subcutaneous tumors
were measured using a caliper three times a week. The
tumor size was calculated as sphere volume according
to the following formula: Tumor volume [cm3] =
4/3π × r [cm]3. The tumor growth curve was constructed
with relative tumor volume (tumor volume measured
with respect to initial tumor volume at the beginning of
treatment) and analysis was carried out using GraphPad
www.impactjournals.com/oncotarget
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decarboxylase, PCNA and TYR and HMB-45 was
performed as described above.
An overall examination of staining was carried out
at 10X magnification, and representative area of specimen
was then viewed at 630X magnification. Visualization
was performed with an optical microscope (Axiolab Carl
Zeiss, Germany). The photographs were taken at 50X,
100X, 200X, 400X or 630X, as appropriate, with Canon
Power Shot G5 camera (Japan). To control the signal
specificity, serial sections were made from two selected
positive cases, which were subjected to the same staining
procedure with, either a normal rabbit IgG or PBS to
replace the first antibody. This control staining did not
give rise to a signal. As positive controls, tissue sections
known by literature expressing these antigens were used.
The immunostaining assessment was performed blinded to
the clinical data by consensus agreement of two observers
(Massari N, Herrero Ducloux V).

Tissue morphology, mitotic index (MI) and
the immunodetection of H4R, histamine, histidine
decarboxylase or PCNA were performed as previously
described.

Experiments using gamma radiation
Radiation dose-response curves
For the radiosensitivity studies, 1205Lu cells
were seeded in 6-well plates and were treated with
10 µM of histamine, JNJ28610244, VUF8430, (R)
(−)-α-Methylhistamine or remained untreated. The
radiobiological parameter 2Gy SF (fraction of surviving
cells after exposure to 2 Gy dose) of 1205Lu cells was
obtained from the survival curves adjusted to the linear
quadratic model [SF= e-(αD+βD2)]), as it was previously
described [73].
Cell cycle analysis

Toxicity analysis

Cells were plated into 6-well plates (100000 cells/
well), cultured for 24 h and serum-starved for an additional
24 h. Treatments were added to synchronized cell cultures
24 h before irradiation with a single dose of 2 Gy, and
were maintained up to 24 h after. Cells were harvested by
trypsinazation, fixed with ice-cold methanol and stained
with propidium iodide (PI) staining solution (50 µg/mL
in PBS containing 0.2 mg/mL of DNase-free RNase A;
Sigma Chemical Co., MO, USA). Cell cycle distribution
was evaluated by flow cytometry and data analysis was
performed using BD AccuriCSampler software (Becton
Dickinson Co.).

Treated mice were examined daily to assess overall
fitness and observe the appearance of potential adverse or
toxic effects. Priority was given to the observation of sudden
changes in weight, decreased appetite, skin disorders,
pruritus, motor involvement, appearance of blood in urine
and/or feces, diarrhea, excessive salivation and/or changes in
behavior until the animals were killed or died spontaneously.
Furthermore, to perform histopathological
observations, several organs (skin, lymph nodes, spleen,
liver, kidneys, heart, lungs, and brain) were surgically
removed and fixed with 4% (v/v) formaldehyde in PBS.
Bone marrows were removed, fixed in Bouin’s solution
and also studied. All tissues were embedded in paraffin
and sectioned at 3–4 µm. Histologic sections were
evaluated using H&E staining.

Determination of apoptosis
Cells were seeded into 12-well plates in culture
medium (25000 cells/well) and remained untreated
(control) or treated with 10 µM histamine and irradiated
with a 2 Gy dose or not 24 h later, and maintained up
to 24 h when determination of apoptosis was performed.
Apoptotic cells were determined by TdT-mediated
UTP-biotin Nick End labeling (TUNEL) (CHEMICON
International, CA, USA) assay and by staining with
Annexin-V FITC (BD Biosciences, USA) using flow
cytometry, both according to the manufacturer’s
instructions.

Human melanocytic tissues biopsies
Tissue samples were obtained from paraffin blocks
belonging to historic reserve material (kindly provided
and selected from tumor bank of Pathology Department,
José María Penna Hospital, Buenos Aires). The study was
in accordance to the latest version of the Declaration of
Helsinki and was approved by the Ethic Committee of
the School of Pharmacy and Biochemistry, University of
Buenos Aires.
19 surgically obtained tissues with diagnosis of
malignant melanoma from patients who received no
pretreatment (superficial spreading melanoma, n = 4;
acral lentiginous melanoma, n = 1; nodular melanoma,
n = 9; metastases from melanoma, n = 5), and 19 benign
melanocytic lesions (intradermal nevus, n = 13; junctional
nevus, n = 3; compound nevus, n = 3) were used. The
characteristics of the malignant biopsies are summarized
in Supplementary Table 2 of Supplementary Data.
www.impactjournals.com/oncotarget

Measurement of intracellular ROS production
Cells untreated (control) or treated with 10 µM
histamine and irradiated or not with a 2 Gy dose were
incubated with 5 µM dichlorodihydrofluorescein
diacetate (DCFH2-DA) (Sigma Chemical Co., MO,
USA) for 30 min at 37°C. Cells were then washed,
detached by trypsinazation, and suspended in
PBS. Levels of intracellular ROS were measured
immediately by flow cytometry and data analysis was
performed using BD AccuriCSampler software (Becton
Dickinson Co.).
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Evaluation of TBARS levels

Xenografts were locally irradiated with a 60Co γ-radiation
source (Teradi 800; Hospital Municipal de Oncología
“Marie Curie”), while other body parts were protected
with lead blocks [66].
The length and width of the tumors were measured
and the tumor size was calculated as we described above.
Animals were euthanized by cervical dislocation at the end
of the experiment (30 days) or when they presented one or
more criteria of death (endpoints) [66, 69], to perform the
ex vivo histological studies.

The thiobarbituric acid reactive species (TBARS)
assay is used to monitoring lipid peroxidation. The
method used in the present study, was described by Yagi
et al. [73], and adapted as previously reported [74]. A
molar extinction coefficient of ε = 1.56 × 105/M/cm was
used for calculations.
Determination of 8-OHdG by flow cytometry
Cells untreated (control) or treated with 10 µM
histamine for 24 h, and irradiated or not with a 2 Gy dose
were then washed, detached by trypsinazation, fixed with
methanol at −20°C. Fixed cells were treated with RNase
(100 μg/ml) for 1 h at 37°C and proteinase K (10 μg/ml)
(Sigma Chemical Co.) for 10 min at room temperature.
DNA was denatured and after blocking, cells were
incubated 30 min at room temperature with goat 8-OHdG
(1:100, catalog number AB5830, Millipore, Temecula,
CA, USA). Cells were washed with PBS and incubated
for 30 min with 1:300 FITC-conjugated anti-goat IgG and
mean fluorescence was determined by flow cytometry and
data analysis was performed using BD AccuriCSampler
software (Becton Dickinson Co.).

Statistical analysis
Representative results are presented as means +/−
standard error of the mean (SEM). Statistical evaluations
were made by Unpaired t-Test, analysis of variance
(ANOVA) that was followed by Dunnet test, NewmanKeuls Multiple Comparison Test, Bonferroni Test. KruskalWallis non-parametric test, followed by Dunn’s Multiple
Comparison test was used to compare average number of
metastases and Mann-Whitney non-parametric test was
used to compare average scores of staining intensity or
percentages. For determination of the association among
H4R, PCNA expression and MI, Spearman’s rho correlation
coefficients and two- tailed significances were determined.
All statistical analyses were performed with GraphPad
Prism version 6.00™ (CA, USA).

Immunofluorescent γH2AX staining
Cells were seeded on coverslips in 12-well plates
(25000 cells/well) and allowed to grow overnight. Cells
remained untreated or were treated with 10 µM histamine
and irradiated 24 h after with a single dose of 2 Gy. Cells
were washed and fixed with 4% (v/v) paraformaldehyde
20 min after irradiation. After blocking in 10% normal
blocking serum at room temperature for 10 min, slides
were incubated with rabbit anti-phosphorilated histone
H2AX antibody (γH2AX, 1:100, catalog number 2577,
Cell Signaling Technology, Beverly, MA) at 4°C overnight
and then incubated with goat anti-rabbit IgG conjugated
with FITC and Dapi at room temperature (Sigma
Chemical Co., MO, USA). Coverslips were mounted and
visualized as we described above. For quantification of
foci, a minimum of 100 cells were analyzed.

Abbreviations
ANOVA, analysis of variance; BrdU, 5-bromo-20deoxyuridine; cDNA, complementary deoxyribonucleic
acid; CLZ, clozapine; DAB, 3,3-diaminobenzidine;
Dapi,
4′-6-diamidino-2-phenylindole;
DCFH-DA,
dichlorodihydrofluorescein
diacetate;
DNA,
deoxyribonucleic acid; ERK1/2, extracellular signal–
regulated kinases; FITC, fluorescein isothiocyanate;
Gy, gray; H&E, hematoxylin-eosin; HA, histamine;
HDC, histidine decarboxylase; HMB-45, human
melanoma black 45; HxR, histamine Hx receptor;
IgG, immunoglobuline G; IL, interleukin; JNJ28,
JNJ28610244; JNJ77, JNJ7777120; MAPK, mitogenactivated protein kinase; MI, mitotic index; MM,
malignant melanoma; mRNA, messenger ribonucleic acid;
NADPH, nicotinamide adenine dinucleotide phosphate;
NK, natural killer; PBS, phosphate buffered saline;
PCNA, proliferating cell nuclear antigen; PVDF, poly(vinylidine difluoride); ROS, reactive oxygen species;
RαMeH, (R)(−)-α-Methylhistamine dihydrochloride, RTPCR, reverse transcription polymerase chain reaction;
SF, surviving fraction; SDS: sodium dodecyl sulfate;
TPA, 12-O-Tetradecanoylphorbol 13-acetate; TUNEL,
terminal deoxynucleotidyl transferase dUTP nick end
labeling; TYR, tyrosinase; VEGF, Vascular endothelial
growth factor; μM, micromolar; 8-OHdG, 8-hydroxy-20deoxyguanosine; γH2AX, phosphorylated histone H2AX.

Animals and treatments
For experiments using radiation, xenografted mice
were separated into 4 groups when tumor volumes reached
8 mm in diameter, making possible localized irradiation.
The untreated group received a sc. daily injection of
saline solution (control, n = 5), histamine group received
a sc daily injection of histamine 1 mg/kg (treated, n = 5),
untreated 2 Gy group received a sc. daily injection of
saline solution (untreated and irradiated animals, n = 5)
or histamine 2 Gy group received a sc. daily injection of
histamine 1 mg/kg (treated and irradiated, n = 5). One
day after treatment started, animals were irradiated with
a 2 Gy dose per day, for 5 consecutive days. Mice were
anesthetized with a combination of xylazine (10 mg/kg)
and ketamine (100 mg/kg) and fixed on an acryl plate.
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