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Histamine (Hia) is the most multifunctional biogenic amine. It is synthetized by histidine decarboxylase
(HDC) in a reduced set of mammalian cell types. Mast cells and histaminergic neurons store Hia in special-
ized organelles until the amine is extruded by exocytosis; however, other immune and cancer cells are
able to produce but not store Hia. The intracellular effects of Hia are still not well characterized, in spite

Keywords: of its physiopathological relevance. Multiple functional relationships exist among Hia metabolism/signal-
Histidine decarboxylase ing elements and those of other biogenic amines, including growth-related polyamines. Previously, we
?é?lt zzr;cllr; ¢ obtained the first insights for an inhibitory effect of newly synthetized Hia on both growth-related poly-
Synuclein amine biosynthesis and cell cycle progression of non-fully differentiated mammalian cells. In this work,
Apoptosis we describe progress in this line. HEK293 cells were transfected to express active and inactive versions

of GFP-human HDC fusion proteins and, after cell sorting by flow cytometry, the relative expression of a
large number of proteins associated with cell signaling were measured using an antibody microarray.
Experimental results were analyzed in terms of protein-protein and functional interaction networks.
Expression of active HDC induced a cell cycle arrest through the alteration of the levels of several proteins
such as cyclin D1, cdk6, cdk7 and cyclin A. Regulation of a-synuclein and caspase-3 was also observed. The
analyses provide new clues on the molecular mechanisms underlying the regulatory effects of intracellu-
lar newly synthetized Hia on cell proliferation/survival, cell trafficking and protein turnover. This informa-

tion is especially interesting for emergent and orphan immune and neuroinflammatory diseases.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Histamine (Hia) is a biogenic amine involved in a broad spec-
trum of both physiological and pathological processes that
includes allergy, gastric-acid secretion, neurotransmission and
immunomodulation [1]. The biosynthesis of Hia is catalyzed by
histidine decarboxylase (HDC), a short-lived enzyme showing
complex mechanisms of regulation [2]. Despite the pleiotropic
character of Hia, only a limited number of cell types produce it.
Among these cells, some of them store the amine in secretory gran-
ules until an exogenous signal elicits its secretion (e.g. mast cells,
gastric enterochromaffin-like cells and histaminergic neurons),
but others release it following its synthesis (e.g. macrophages). In
most cases, Hia is synthesized in differentiated and low prolifera-
tive stages. Interestingly, Hia-producing neoplasias such as
mastocytosis and rare gastric cancers, although displaying several
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hallmarks of cancer, usually present lower proliferation rates than
other cancer types [3,4].

Other biogenic amines produced by the decarboxylation of cat-
ionic aminoacids are the arginine/ornithine-derived polyamines:
putrescine, spermidine and spermine. Polyamines are small poly-
cations present in the majority of living organisms, where they
are absolutely necessary for cell growth and survival. In contrast
to Hia, polyamines are present in almost every cell type, where
the most important enzymes participating in their metabolism
(ornithine decarboxylase, ODC; S-adenosyl methionine decarbox-
ylase, SAMDC; and spermidine/spermine acetyl transferase, SSAT)
are usually expressed, at least during active proliferation and/or
differentiation [5].

Since both Hia and polyamines share chemical properties and
metabolic reactions [6], we previously investigated the possibility
of a metabolic interplay between both sorts of amines in mast cells,
one of the cell types in which both metabolisms coexist. Indeed, by
using established mouse and rat mast cell and basophilic cell lines,
and also mouse bone marrow derived mast cells, we observed
multiple evidence suggesting an antagonistic metabolic relation-
ship between growth-related polyamine and Hia in these cell types
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[7-10]. From this previous experience, evidence accumulated sup-
porting a negative effect of Hia production on cell growth. Conse-
quently, we pursued to characterize the effects of intracellular
“nascent” Hia on polyamine metabolism in a cellular model unable
to store Hia and insensitive to external administration of this amine.
For this purpose, we chose human embryonic kidney 293 (HEK-293)
cells, a cell line widely used for transfection-based experiments that
demonstrated no natural expression of HDC [11]. Transfection of
these cells with several constructs allowed us to achieve biosynthe-
sis of Hia without the putative side effects of pharmacological stim-
uli. In this model, we observed that the ability to synthesize Hia
provoked a dramatic reduction in ODC activity, and a decrease both
in spermidine levels and protein biosynthesis accompanied by a par-
tial blockade of the cell-cycle progression.

To get further insight into the mechanisms underlying these
observations, i.e. to advance in the knowledge on the molecular
bases of the anti-proliferative effect of “nascent” Hia, in this work
we have used an antibody microarray to investigate the relative
expression levels of a large number of proteins related to cell sig-
naling. To avoid the interference of non-transfected cells usually
present after transient transfection experiments, cells expressing
GFP fusion proteins were sorted by flow cytometry and subse-
quently used for the experiments. The results were analyzed in
terms of protein-protein and functional interaction network, and
show that expression of an active form of HDC induces a cell cycle
arrest through alteration of the levels of key cell cycle proteins
such as cyclin D1, cdk6, cdk7 and cyclin A. Our results also indicate
an undescribed regulatory role of nascent histamine on expression
of both caspase-3 (a proapoptotic effector) and o-synuclein, a pro-
tein involved in vesicle trafficking, which takes part of protein
aggregates observed in several neurodegenerative disorders [12].

2. Materials and methods
2.1. Cell culture and treatments

HEK-293 cells were cultured in DMEM and Kelly cells were cul-
tured in RPMI 1640 both supplemented as described previously
[11]. Transfections were performed with FUGENE HD Transfection
Reagent (Promega), using 3 pL of reagent per pg of DNA and
2.8 x 10 cells on P100 dishes. Twenty-four hours after transfec-
tion, cells were sorted by flow cytometry with a MoFlo cell sorter
(DakoCytomation) before analysis.

2.2. Recombinant plasmids and proteins

hHDC proteins tagged at the C-terminus with the Green Fluo-
rescence Protein (GFP) were generated by cloning the encoding
sequences in frame into the Hindlll/BamHI sites of the pEGFP-N1
vector (Clontech). hHDC DNA inserts were previously obtained in
our lab by RT/PCR from human blood, and their corresponding pro-
teins were previously characterized as catalytically active (hHDC1/
512-GFP) and inactive (hHDC1/512A262-277-GFP), respectively,
[11]. Plasmids were purified using the HISpeed Plasmid Maxi Kit
(Quiagen) following the manufacturer’s recommendations.

2.3. Histidine decarboxylase activity

Histidine decarboxylase (HDC) enzymatic activity of transfected
cells (sorted or not) was determined by measuring the release of
140, from [U-1*C]-histidine, as reported previously [8].

2.4. Antibody microarrays

The Panorama™ Antibody Microarray-Cell Signaling Kit was
purchased from Sigma-Aldrich. 24 h after transfection, 5 x 10°

cells expressing GFP fusion proteins were sorted by flow cytometry
and proteins were extracted following the antibody microarray
manufacturer’s instructions. Protein concentrations were adjusted
to 1 mg/mL, before labeling with Cy3 (hHDC1/512A262-277-GFP)
or Cy5 (hHDC1/512-GFP) Monofunctional Reactive dye (GE Health-
care). Afterwards, the non-conjugated free dyes were removed
from the labeled samples by using SigmaSpin columns and the
dye to protein molar ratios (D/P ratio) were determined. Only sam-
ples with D/P ratios >2 were used. Next, equal amounts (50 pg) of
labeled protein of both extracts were incubated on the same slide.
Finally, slides were scanned with an Aquirescanner (Genetix). Two
independent experiments were performed.

2.5. Bioinformatics analysis

The scanned data were analyzed by GenePix Pro 6.0 (Axon
Instrument). Fluorescence in each channel was normalized to sig-
nal of actin and tubulin antibodies and fluorescence ratio (Cy5/
Cy3, corresponding to HDC active/inactive) was calculated. Pro-
teins whose expression levels changed more than 2.2-fold were
processed through the ClueGo [13] plug-in of Cytoscape [14] in
order to identify enrichment in Gene Ontology (GO) biological pro-
cesses, Kyoto Encyclopedia of Genes and Genomes (KEGG) and
Reactome pathways. Comparison cluster analysis was performed
using downregulated (cluster 1) versus upregulated genes (cluster
2).

2.6. Western blot analysis

Protein expression levels for HDC, a-synuclein and caspase-3
were assayed by Western blot as described previously [9]. Primary
antibodies were anti-hHDC [15], anti-a-synuclein (Sigma-Aldrich,
S3062) and anti-caspase-3 (Biorbyt, Orb10237). Normalization for
sample loads was performed by re-probing membranes with the
anti-actin (Millipore, mab1501), anti-tubulin (Abcam, Ab11323)
or anti-GAPDH antibody (Cell Signaling, 2118).

2.7. Caspase-3/7 activity

After transfection, cells expressing either hHDC1/512-GFP or
hHDC1/512A262-277-GFP were sorted by flow cytometry, resus-
pended in PBS and transferred to 96-well plates (15,000 cells/
well). Then, Caspase-Glo® 3/7 reagent (Promega Biotech) was
added to the wells according to the manufacturer’s instructions
and the luminescence was recorded after 30 min with a GLOMAX
96 microplate luminometer. Measurements were relativized to
those obtained after 24h treatment with 10pM 2-
methoxyestradiol.

3. Results

In a previous study [11], we described an inhibitory effect of
newly synthetized Hia on the proliferation of HEK-293 cells. Treat-
ments with exogenous Hia up to 0.5 mM suggested that this effect
is not attributable to an interaction of the amine with Hia receptors
or to an intracellular accumulation of Hia under our experimental
conditions [11]. To address the signaling pathways involved in the
antiproliferative effect of “nascent” Hia, HEK-293 cells were tran-
siently transfected with either an active or an inactive version of
hHDC and were analyzed with an antibody array that allows the
simultaneous study of the relative expression levels of a large
number of cell signaling-related proteins. However, although slight
differences in the expression of certain proteins could be observed,
statistical significance was not achieved (data not shown), most
possibly due to the use of heterogeneous cell populations, i.e. cell
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populations including both transfected and non-transfected cells.
Therefore, in order to enrich the final cell suspensions in those cells
expressing the fusion proteins, HEK-293 cells were transfected to
express either inactive or active hHDC-GFP fusion proteins and
were subsequently sorted by flow cytometry. Before FACS enrich-
ment, only cells expressing the active version of HDC presented
HDC enzymatic activity (163.8 pmol of CO,/h x 10° cells). After
sorting, HDC activity in hHDC1/512-GFP-enriched cells was
increased up to 291.4 pmol of CO,/h x 10° cells. Then, protein
extracts were labeled with Cy3 (hHDC1/512A262-277-GFP, inac-
tive form) and Cy5 (hHDC1/512-GFP, active form) and analyzed
in parallel. After normalization, the mean ratio was of 1.07. A ratio
equal or greater than 2.5 was observed for 6.7% of the spots, and
14.3% of the spots presented a fluorescence ratio equal or lower
than 0.4 (Supplementary Fig. 1 and Table 1).

Fig. 1 shows the fluorescence ratio of functionally grouped pro-
teins whose expression changed by more than 2-fold. We used the
Cytoscape plug-in ClueGO [13] to achieve a functional enrichment
analysis of the events induced by “nascent” Hia. Fig. 2 shows func-
tional relationships established by ClueGO among the proteins
mentioned in Fig. 1, on the basis of the functional terms associated
with them by GO (Fig. 2A), KEGG (Fig. 2B) and Reactome (Fig. 2C).
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Between the major groups found we can observe processes related
with the G1 phase of cell cycle and to apoptosis.

The analysis performed using the GO biological processes data-
base showed a total of 53 enriched GO terms (with adjusted p-
value <0.05). Out of these terms, 29 contained elements corre-
sponding to downregulated genes, 22 to upregulated genes, and
2 contained elements of both groups (Supplementary Table 2).
Among the best represented processes, an important percentage
of them (83.01%) are related to activation of cysteine-type endo-
peptidase activity involved in apoptotic processes, with 21 genes
associated (12 downregulated and 9 upregulated) (Fig. 2A and Sup-
plementary Table 2). By using the KEGG database, a total of 14
pathways were significantly enriched. Eleven of them are related
to cell cycle (9 downregulated and 6 upregulated genes) (Fig. 2B
and Supplementary Table 3). Finally, enrichment analysis in the
Reactome database showed a total of 34 represented pathways.
Three pathways are related to G1 phase of cell cycle (1 upregulated
and 3 downregulated genes); 7 pathways are related to caspase-
mediated cleavage of cytoskeleton proteins (3 upregulated and 2
downregulated genes) and 22 pathways are related to signaling
to RAS (2 downregulated and 7 upregulated genes) (Fig. 2C and
Supplementary Table 4).
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Fig. 1. Proteins considered for biocomputational analysis and their relative expression level after active hHDC-GFP overexpression. For ratios lower than 1, fold change was
calculated as —1/ratio. Antibody names are expressed as in the commercial microarray brochure. Entrez Gene Symbols corresponding to the protein recognized by each
antibody are provided in brackets. Data represent mean + SEM of fluorescent ratio (duplicates of two independent experiments).
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Fig. 2. Functional relationships obtained using ClueGO among proteins affected by
active hHDC-GFP overexpression, as retrieved from GO biological process (A), KEGG
(B) and Reactome (C) databases. Upregulated genes: light triangles; downregulated
genes: dark grey arrows. Squares represent functional modules as considered in the
respective database. Abbreviations are specified in Fig. 1.

As shown in Fig. 1, a-synuclein (SNCA) is one of the polypep-
tides that increased its signal to a major extent in the HEK-293
cells transfected to express the active form of hHDC (ratio 3.30 ver-
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Fig. 3. o-Synuclein expression after transfection with different versions of hHDC-
GFP. a-Synuclein protein levels were assayed in HEK-293 sorted cells (A) and in
Kelly non-sorted cells (B) by Western blot. HDC was used as a control of
transfection (A) and B-actin and GAPDH as a control of sample loads (A, B). Results
shown are representative of three independent experiments.

sus control). This increase was also observed using unsorted sam-
ples (results not shown). Besides, the functional network provided
by ClueGO showed SNCA as a clear connector of those GO biologi-
cal processes related to cell death (Fig. 2A). Therefore, we chose
SNCA for validation by Western blotting, and Fig. 3A shows a rep-
resentative result. Indeed, a specific band, with the expected Mr for
SNCA, clearly increased in samples from cells transfected with
active version of hHDC-GFP. Since the expression level of SNCA
was low in HEK-293 cells, the transfection experiments were
repeated in neuroblastoma Kelly cells. Expression of the active ver-
sion of HDC in these cells led also to an increase in SNCA levels
(Fig. 3B).
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In addition to SNCA, this work provides an enriched profile of
other cell death key elements being altered as a consequence of
newly synthetized Hia. In this sense, it is remarkable the increase
in protein levels of both DIABLO (ratio 2.455 +0.128) and active
caspase-3 (ratio 2.778 + 0.188) (Fig. 1), although signals for other
caspases (6 and 7), located upstream in the canonical apoptotic
cascade, were depressed in our model (Fig. 1). To validate the cas-
pase-3 results obtained, we measured protein levels by Western
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Fig. 4. Active caspase-3 protein level and caspase 3/7 activity in HEK-293 cells
transfected with different versions of hHDC-GFP. (A) Active caspase-3 levels were
analyzed by Western blot, and signals were normalized to that of tubulin
(mean + SEM, n=3). (B) Caspase-3/7 activity was determined as described in
Section 2. Measurements of luciferase activity were normalized to those obtained
after treatment with 10 pM 2-methoxyestradiol for 4h (mean+SEM, n=3;
*p <0.01 Student’s unpaired sample t-test).

blot and enzyme activity. Fig. 4A shows active caspase-3 levels
after transfection with the hHDC versions used. Normalized signal
of active caspase-3 was increased by 2.77-fold after transfection of
active form of hHDC. On the other hand, a clear increase in caspase
enzymatic activity was also observed (Fig. 4B), though the method
used cannot distinguish between caspase-3 and 7 activities.

4. Discussion

In a previous study, we described an inhibitory effect of newly
synthetized Hia on the proliferation of HEK-293 cells. The major
target of this inhibitory effect seems to be protein synthesis. “Nas-
cent” Hia produced in HEK-293 cells provokes a reduction of ODC
levels, which leads to a decrease in spermidine in these cells [11].
Spermidine is the polyamine precursor of the hypusine biosynthe-
sis, an amino acid essential for activation of elF5A translation fac-
tor, and consequently for cell-cycle progression and proliferation
[16].

In order to advance in the knowledge on the molecular bases of
the anti-proliferative effect of “nascent” Hia, we have used an anti-
body microarray to investigate the relative expression levels of a
large number of proteins related to cell signaling in cells express-
ing active and inactive versions of hHDC-GFP fusion proteins
sorted by flow cytometry. Results were analyzed using ClueGO,
which is able to perform functional grouping of GO terms and
pathways in a systematic way generating dynamical network
structures. It is remarkable that, in all three used databases, pro-
cesses related to cell cycle, and specifically G1 phase of the cell
cycle, appear to be enriched. This observation is in full agreement
with our previous results showing that the expression of an active
form of HDC induces an accumulation of cells in G1 phase of cell
cycle [11]. Among the genes associated with this process/pathway,
we observed an upregulation of cyclin D1 (CCND1) and a downreg-
ulation of cdk6, cdk7 and cyclin A (CCNA2). An active cyclin D-
cdk4/6 complex is necessary for G1-S transition, and one of its tar-
gets is retinoblastoma protein (Rb). Phosphorilated Rb (pRb)
releases from the E2F transcription factor, which in turn activates
transcription of several genes required for the transition from the
G1 to S-phase and for DNA replication [17]. Our data show an
increase in cyclin D1 (fluorescent ratio 2.86 + 0.14) and a decrease
in cdk6 (0.26 £ 0.03). In addition, pRb (although it was not consid-
ered in our list of altered genes, Fig. 1) is reduced by 0.68 + 0.02.
Several authors have reported a decreased level of cyclin D1 asso-
ciated with a G1 phase block of the cell cycle [18,19], but in PC12
cells, NGF induces a G1 phase block with accumulation of cyclin D1
and p21CIP/WAF1 and a decrease in other cell cycle regulatory pro-
teins [20]. All these facts could contribute to the accumulation of
cells in G1 phase observed in response to newly synthesized Hia.

In previous works with different amine handling cells, we got
evidence of an interplay between intracellular content of Hia and
other biogenic amines such as serotonin and polyamines [6]. In
rat basophilic leukemia models RBL-1 and RBL-2H3, induction of
HDC activity with phorbol-12-myristate-13-acetate and dexa-
methasone reduced cell proliferation but increased intracellular
levels of both Hia and serotonin. However, HDC induction had
the opposite effect on intracellular serotonin in mouse C57.1 mast
cells [8]. During the differentiation of mouse mast cells from bone-
marrow precursor cells in culture, serotonin also accumulated at
the end of the differentiation process, when intracellular Hia levels
were decreased (unpublished results). Even though HEK-293 cells
are not typical amine handling cells, the antibody array revealed
differential signals for several key enzymes of both serotonin and
dopamine synthesis, i.e. tryptophan hydroxylase (TPH), tyrosine
hydroxylase (TH) and dopa decarboxylase (DDC), in line with our
previous observations of an interplay between Hia and other bio-
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genic amines. In HEK-293 cells transfected to express active hHDC-
GFP, the TPH signal increased by more than twofold (ratio
2.095 +0.219), the TH signal was reduced by more than three
times (ratio 0.274 + 0.008) and a slight reduction of the DDC signal
was also observed (ratio 0.704 + 0.027).

HEK-293 cells are derived from human embryonic kidney cells.
In kidney, it has been reported that SNCA is involved in ER-Golgi
trafficking; SNCA aggregates can also be formed in this tissue
[12]. As far as we know, this is the first time that Hia is related
to SNCA-related processes in humans. This finding can be very
interesting for inflammatory, neuroinflammatory and neurodegen-
erative diseases, as Hia and the DDC products (dopamine and sero-
tonin) can be produced simultaneously by different nervous and
immune cell types. It has been reported that these biogenic amines
have multiple metabolic/signaling elements in common (oxidases,
transporters, receptors, among others) [21]. Furthermore, the pres-
ent work adds a new element that could be responsible for patho-
physiological interferences among these biogenic amines in
humans. In addition to diseases like Parkinson or Alzheimer, this
fact can be involved in other less frequent (i.e. multiple sclerosis)
and even rare diseases. Indeed, in a recent text mining-based work,
Hia has been related to more than 20 orphan diseases, in some
cases associated with DDC product-related elements [22]. More-
over, recent publications have shown the role of the homeostasis
of the biogenic amines (i.e. dopamine) in addictions and/or in Par-
kinson disease [23,24].

In this paper, in addition to the increase in SNCA expression, the
caspase-3 expression pattern seems to be altered by “nascent” Hia.
Also an increase in caspase 3/7 activity has been observed. Curi-
ously, both caspase-3 and SNCA have been related to apoptosis reg-
ulation in HEK models by the amines staurosporine [25] and 6-
hydroxidopamine [26], as well as in telencephalon-specific murine
neurons and in SH-SY5Y neuroblastoma cells [27]. This is explained
by a non-direct interaction that involves the C-terminal portion of
the polypeptide synphilin-1, an in vivo interactor of SNCA and an
apoptosis regulator activated by caspase-3 action [27]. This work
adds Hia to the list of amines that are able to modify this apoptosis
feedback system in mammalian cells.

Summarizing, the present systemic approach to the study of the
effects of “nascent” Hia on mammalian cells has provided new
molecular data to explain the relatively reduced proliferation rates
of mammalian Hia-producing cells. As far as we know, this is the
first time that Hia is related to regulation of SNCA and caspase-3
expression, both proteins related to cell death. In addition to these
data, the work can also provide multiple insights for other groups
working on the molecular and cell biology of Hia producing cells
and Hia-related pathologies. Our results also draw attention to
the convenience of considering cross-regulation events among
amine metabolic pathways, as the resulting interferences can have
important physiopathological consequences for emergent and rare
neurological and immune diseases.

Acknowledgments

This work was supported by Grant SAF2011-026518 from Min-
isterio de Economia y Competitividad (Spain); Grants P10-CVI-
06585 and BIO-267 from Junta de Andalucia (Spain). Thanks are
due to Armando Reyes-Palomares for his helpful advice during net-
work analyses, to Rosario Castro-Oropeza for her help during HDC
activity measurements and to Norma McVeigh for English proof-
reading. This work takes part in the activities of both EU COST
action BM0806 and “CIBER de Enfermedades Raras”. The “CIBER
de Enfermedades Raras” is an initiative of the Instituto de Salud
Carlos III (Spain).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2014.08.022.

References

[1] E. Schneider, M. Rolli-Derkinderen, M. Arock, M. Dy, Trends in histamine
research: new functions during immune responses and hematopoiesis, Trends
Immunol. 23 (2002) 255-263.

[2] W. Ai, S. Takaishi, T.C. Wang, ].V. Fleming, Regulation of i-histidine
decarboxylase and its role in carcinogenesis, Prog. Nucleic Acid Res. Mol.
Biol. 81 (2006) 231-270.

[3] M.D. Burkitt, D.M. Pritchard, Review article: pathogenesis and management of
gastric carcinoid tumours, Aliment. Pharmacol. Ther. 24 (2006) 1305-1320.

[4] L. Alvarez-Twose, A. Matito, L. Sanchez-Munoz, ].M. Morgado, A. Orfao, L.

Escribano, J.J. van Doormaal, E. van der Veer, P.C. van Voorst Vader, P.M. Kluin,

A.B. Mulder, S. van der Heide, S. Arends, J.C. Kluin-Nelemans, J.N. Oude

Elberink, J.G. de Monchy, Contribution of highly sensitive diagnostic methods

to the diagnosis of systemic mastocytosis in the absence of skin lesions, Allergy

67 (2012) 1190-1191.

E. Agostinelli, M.P. Marques, R. Calheiros, F.P. Gil, G. Tempera, N. Viceconte, V.

Battaglia, S. Grancara, A. Toninello, Polyamines: fundamental characters in

chemistry and biology, Amino Acids 38 (2010) 393-403.

M.A. Medina, ].L. Urdiales, C. Rodriguez-Caso, F.]. Ramirez, F. Sanchez-Jimenez,

Biogenic amines and polyamines: similar biochemistry for different

physiological missions and biomedical applications, Crit. Rev. Biochem. Mol.

Biol. 38 (2003) 23-59.

I. Fajardo, J.L. Urdiales, ].C. Paz, T. Chavarria, F. Sanchez-Jimenez, M.A. Medina,

Histamine prevents polyamine accumulation in mouse C57.1 mast cell

cultures, Eur. J. Biochem. 268 (2001) 768-773.

[8] L Fajardo, J.L. Urdiales, M.A. Medina, F. Sanchez-Jimenez, Effects of phorbol
ester and dexamethasone treatment on histidine decarboxylase and ornithine
decarboxylase in basophilic cells, Biochem. Pharmacol. 61 (2001) 1101-1106.

[9] G. Garcia-Faroldi, F. Correa-Fiz, H. Abrighach, M. Berdasco, M.F. Fraga, M.
Esteller, J.L. Urdiales, F. Sanchez-Jimenez, I. Fajardo, Polyamines affect
histamine synthesis during early stages of IL-3-induced bone marrow cell
differentiation, J. Cell Biochem. (2009).

[10] G. Garcia-Faroldi, C.E. Rodriguez, J.L. Urdiales, J.M. Perez-Pomares, J.C. Davila,
G. Pejler, F. Sanchez-Jimenez, 1. Fajardo, Polyamines are present in mast cell
secretory granules and are important for granule homeostasis, PLoS One 5
(2010) e15071.

[11] H. Abrighach, I. Fajardo, F. Sanchez-Jimenez, ].L. Urdiales, Exploring polyamine
regulation by nascent histamine in a human-transfected cell model, Amino
Acids 38 (2010) 561-573.

[12] N. Thayanidhi, J.R. Helm, D.C. Nycz, M. Bentley, Y. Liang, J.C. Hay, Alpha-
synuclein delays endoplasmic reticulum (ER)-to-Golgi transport in
mammalian cells by antagonizing ER/Golgi SNAREs, Mol. Biol. Cell 21 (2010)
1850-1863.

[13] G. Bindea, B. Mlecnik, H. Hackl, P. Charoentong, M. Tosolini, A. Kirilovsky, W.H.
Fridman, F. Pages, Z. Trajanoski, J. Galon, ClueGO: a Cytoscape plug-in to
decipher functionally grouped gene ontology and pathway annotation
networks, Bioinformatics 25 (2009) 1091-1093.

[14] P. Shannon, A. Markiel, O. Ozier, N.S. Baliga, ].T. Wang, D. Ramage, N. Amin, B.
Schwikowski, T. Ideker, Cytoscape: a software environment for integrated
models of biomolecular interaction networks, Genome Res. 13 (2003) 2498-
2504.

[15] V. Stegaev, A.T. Nies, P. Porola, D. Mieliauskaite, F. Sanchez-Jimenez, ]J.L.
Urdiales, T. Sillat, H.G. Schwelberger, P.L. Chazot, M. Katebe, Z. Mackiewicz, Y.T.
Konttinen, D.C. Nordstrom, Histamine transport and metabolism are deranged
in salivary glands in Sjogren’s syndrome, Rheumatology (Oxford) 52 (2013)
1599-1608.

[16] A. Kaiser, Translational control of elF5A in various diseases, Amino Acids 42
(2012) 679-684.

[17] E. Tashiro, A. Tsuchiya, M. Imoto, Functions of cyclin D1 as an oncogene and
regulation of cyclin D1 expression, Cancer Sci. 98 (2007) 629-635.

[18] T. Sekiguchi, T. Nishimoto, T. Hunter, Overexpression of D-type cyclins, E2F-1,
SV40 large T antigen and HPV16 E7 rescue cell cycle arrest of tsBN462 cells
caused by the CCG1/TAF(I1)250 mutation, Oncogene 18 (1999) 1797-1806.

[19] C.P. Masamha, D.M. Benbrook, Cyclin D1 degradation is sufficient to induce G1
cell cycle arrest despite constitutive expression of cyclin E2 in ovarian cancer
cells, Cancer Res. 69 (2009) 6565-6572.

[20] L.A. vanGrunsven, N. Billon, P. Savatier, A. Thomas, J.L. Urdiales, B.B. Rudkin,
Effect of nerve growth factor on the expression of cell cycle regulatory proteins
in PC12 cells: dissection of the neurotrophic response from the anti-mitogenic
response, Oncogene 12 (1996) 1347-1356.

[21] F. Sanchez-Jimenez, M.V. Ruiz-Perez, J.L. Urdiales, M.A. Medina,
Pharmacological potential of biogenic amine-polyamine interactions beyond
neurotransmission, Br. J. Pharmacol. 170 (2013) 4-16.

[22] A. Pino-Angeles, A. Reyes-Palomares, E. Melgarejo, F. Sanchez-Jimenez,
Histamine: an undercover agent in multiple rare diseases?, J Cell Mol. Med.
16 (2012) 1947-1960.

(5

(6

(7


http://dx.doi.org/10.1016/j.bbrc.2014.08.022
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0005
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0005
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0005
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0010
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0010
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0010
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0010
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0010
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0015
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0015
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0020
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0020
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0020
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0020
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0020
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0020
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0025
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0025
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0025
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0030
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0030
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0030
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0030
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0035
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0035
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0035
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0040
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0040
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0040
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0045
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0045
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0045
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0045
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0050
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0050
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0050
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0050
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0055
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0055
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0055
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0060
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0060
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0060
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0060
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0065
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0065
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0065
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0065
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0070
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0070
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0070
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0070
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0075
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0075
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0075
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0075
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0075
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0080
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0080
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0085
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0085
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0090
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0090
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0090
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0095
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0095
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0095
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0100
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0100
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0100
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0100
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0105
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0105
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0105
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0110
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0110
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0110

586 J. Caro-Astorga et al./Biochemical and Biophysical Research Communications 451 (2014) 580-586

[23] J.D. Jentsch, Z.T. Pennington, Reward, interrupted: Inhibitory control and its [26] V. Lehmensiek, E.M. Tan, S. Liebau, T. Lenk, H. Zettlmeisl, J. Schwarz, A. Storch,
relevance to addictions, Neuropharmacology 76 Pt B (2014) 479-486. Dopamine transporter-mediated cytotoxicity of 6-hydroxydopamine in vitro
[24] R.M. Villalba, Y. Smith, Differential striatal spine pathology in Parkinson’s depends on expression of mutant alpha-synucleins related to Parkinson’s
disease and cocaine addiction: a key role of dopamine?, Neuroscience 251 disease, Neurochem. Int. 48 (2006) 329-340.
(2013) 2-20 [27] E. Giaime, C. Sunyach, M. Herrant, S. Grosso, P. Auberger, P.J. McLean, F.
[25] C. Sunyach, M.A. Cisse, C.A. da Costa, B. Vincent, F. Checler, The C-terminal Checler, C.A. da Costa, Caspase-3-derived C-terminal product of synphilin-1
products of cellular prion protein processing, C1 and C2, exert distinct displays antiapoptotic function via modulation of the p53-dependent cell
influence on p53-dependent staurosporine-induced caspase-3 activation, J. death pathway, J. Biol. Chem. 281 (2006) 11515-11522.

Biol. Chem. 282 (2007) 1956-1963.


http://refhub.elsevier.com/S0006-291X(14)01437-5/h0115
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0115
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0120
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0120
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0120
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0125
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0125
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0125
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0125
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0130
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0130
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0130
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0130
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0135
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0135
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0135
http://refhub.elsevier.com/S0006-291X(14)01437-5/h0135

	Nascent histamine induces α-synuclein and caspas
	1 Introduction
	2 Materials and methods
	2.1 Cell culture and treatments
	2.2 Recombinant plasmids and proteins
	2.3 Histidine decarboxylase activity
	2.4 Antibody microarrays
	2.5 Bioinformatics analysis
	2.6 Western blot analysis
	2.7 Caspase-3/7 activity

	3 Results
	4 Discussion
	Acknowledgments
	Appendix A Supplementary data
	References


