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TR3 has been reported to be an excellent target for angiogenesis therapies. We reported three TR3
transcript variant messenger RNAs (mMRNAS) are expressed in human umbilical vein endothelial
cell (HUVEC) and are differentially regulated by vascular endothelial growth factor (VEGF). TR3
transcript variant 1 (TR3-TV1) and variant 2 (TR3-TV2) encoding the same TR3 isoform 1
protein (TR3-isol) that was named TR3 has been extensively studied. However, the function of
TR3 isoform 2 protein (TR3-is02) encoded by TR3 transcript variant 3 (TR3-TV3) is still not
known. Here, we clone and express the novel TR3-iso2 protein and find that expression of TR3-
is02, in contrast to TR3-isol, inhibits en-dothelial cell proliferation induced by VEGF-A,
histamine, and phorbol-12-myristate-13-acetate (PMA). The differential function of TR3-is02
correlates with the down-regulation of cyclin D1. However, TR3-iso2 plays similar roles in
endothelial cell migration and monolayer permeability as TR3-isol. We further demonstrate that
several intracellular signaling pathways are involved in histamine-induced TR3 transcript variants,
including histamine receptor H1-mediated phospholipase C (PLC)/calcium/calcineurin/protein
kinase C (PKC)/ protein kinase D (PKD) pathway and ERK pathway, as well as histamine receptor
H3-mediated PKC-ERK pathway. Further, expressions of TR3-TV1, TR3-TV2, and TR3-TV3 by
VEGF and histamine are regulated by different promoters, but not by their mMRNA stability.

Keywords
Angiogenesis; Cell signaling; Cell proliferation; Migration; TR3/Nur77 transcription variants

Introduction

Pathological angiogenesis is a hallmark of many diseases including cancer, inflammation,
wound healing, and ischemic heart disease. Anti-vascular endothelial growth factor (VEGF)
neutralizing antibodies and VEGF receptor (VEGFR) kinase/ multiple kinase inhibitors have
been successfully developed and widely used in the clinic (reviewed in [1]). However, in
addition to their toxic side effects [2], VEGF-targeted therapies in cancer face the problems
of insufficient efficacy [3-12], resistance, and intrinsic refractoriness [10, 13, 14]. Therefore,
it is desirable to identify additional angiogenesis targets. Our recent studies demonstrated
that TR3 (human: TR3, mouse: Nur77, rat: NGFI-B) is one such promising target [15-17].

TR3/Nur77 is a member of nuclear receptor 1V subfamily of transcription factors, without
known physiological ligand [18], although several agonists, cytosporone B and a series of
methylene-substituted diindolymethanes, were identified [19, 20]. The nuclear receptor 1V
subfamily members play redundant roles in TCR-mediated apoptosis [21] and brown fat
thermogenesis [22, 23]. However, they play different roles in development (reviewed in
[24]). TR3/Nur77 also plays important roles in carcinogenesis, inflammation, metabolism
diseases, stress, and addiction (reviewed in [25-28]).

Prior to our recent studies [16], little was known about the role of TR3/Nur77 in
angiogenesis. Our studies demonstrated that TR3/Nur77 is a critical mediator of
angiogenesis. We found that TR3/Nur77 is highly and transiently up-regulated in cultured
endothelial cells (EC) and during angiogenesis in vivo. TR3 is induced by angiogenic factors
having microvessel permeable activity, including VEGF, histamine, and serotonin, but not by
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angiogenic factors that do not have microvessel permeable activity, including bFGF, PIGF,
and PDGF [15-17], and in postnatal angiogenesis, such as tumor angiogenesis and skin
wound healing [16, 29]. /n gain of function assays, overexpression of TR3/Nur77
complementary DNA (cDNA) is sufficient to induce endothelial cell proliferation,
migration, and tube formation in vitro. Angiogenesis, microvessel permeability, and normal
skin wound healing are improved in our transgenic EC-Nur77-S mice, in which the full-
length Nur77 cDNA is inducibly and specifically expressed in mouse endothelium [15-17].
The transgenic EC-Nur77-S mice are healthy after Nur77 has been induced for 3 months
[29]. In loss of function assays, knockdown of TR3 expression by its anti-sense DNA or
short hairpin RNA (shRNA) inhibits endothelial cell proliferation, migration, and tube
formation induced by VEGF, histamine, and serotonin in vitro. Tumor growth, angiogenesis,
and microvessel permeability induced by VEGF, histamine, or serotonin are almost
completely inhibited in Nur77 knockout mice [15-17]. Paradoxically, however, Nur77 null
mice are viable, fertile, appear to develop a normal adult vasculature, and have no defect in
normal skin wound healing [21, 29]. Our studies demonstrated that TR3/Nur77 is an
excellent target for pro-angiogenesis and anti-angiogenesis therapies.

In the attempt to study the signaling pathways that regulate the expression of TR3/Nur77 in
angiogenesis, we previously reported that there are three TR3 transcript variant messenger
RNAs (mRNAs) expressed in endothelial cells [30]. TR3 transcript variant 1 mRNA (TR3-
TV1) and variant 2 mRNA (TR3-TV2) encode the same TR3 isoform 1 protein (TR3-isol)
that was named TR3 in previous studies and has been extensively studied. TR3 transcript
variant 3 mRNA (TR3-TV3) encodes TR3 isoform 2 protein (TR3-is02). These three TR3
transcript variant mRNAs are differentially regulated in endothelial cells by VEGF-A
through a novel signaling pathway, in which VEGF-A and VEGF-E, but neither VEGF-B,
nor PIGF, induce the interaction of VEGFR2/KDR with insulin-like growth factor-1 receptor
(IGF-1R), resulting in IGF-1R transactivation [30]. However, the function of TR3-is02 is not
known. In these studies, we clone and express the novel TR3 isoform 2 (TR3-is02) protein
and find that overexpression of TR3-iso2, in contrast to TR3-iso1, inhibits endothelial cell
proliferation induced by VEGF-A, histamine, and phorbol-12-myristate-13-acetate (PMA),
which correlates very well with the down-regulation of cyclin D1 regulated by TR3-iso2.
However, TR3-iso02 plays similar roles in endothelial cell migration and monolayer
permeability, as compared to TR3-isol. We further demonstrate that TR3 transcript variants
are regulated by different signaling pathways, and that TR3-TV3 is regulated by a promoter
different from that controls TR3-TV1 and TR3-TV2.

Materials and methods

Materials

VEGF was purchased from R&D Systems (Minneapolis, MN). PMA, histamine, and
antibody against Flag tag (Cat. No. F-3165) were purchased from Sigma (St. Louis, MO).
Antibodies against TR3/Nur77, cyclin D1, VE-cadherin, -catenin, y-catenin, p120, and
claudin 5 were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
Endothelial cell basal medium (EBM) and EGM-MV BulletKit were obtained from Lonza
(Allendale, NJ). Vitrogen 100 was purchased from Collagen Biomaterials (Palo Alto, CA,
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USA). BAPTA/AM, cyclosporine-A, W-7, KN62, U-73122, GF, CID2011756, PD98059,
SB203580, JNK inhibitor 11, AG1024, IP3R inhibitor, 2-APB, and rottlerin are the products
of Calbiochem (Billerica, MA, USA). Anti-phospho-1GF-1Rp antibodies were obtained
from Cell Signaling Technology, Inc. (Danvers, MA, USA). Anti-IGF-1Ra antibody was
obtained from EMD Millipore (Billerica, MA, USA).

Primary human umbilical vein endothelial cells (HUVECS) purchased from Lonza
(Allendale, NJ) were cultured as described previously [16]. Briefly, cells were grown on
plates coated with 30 ug/ml vitrogen in endothelial basic medium (EBM) with EGM-MV
BulletKit (5 % fetal bovine serum, 12 pg/ml bovine brain extract, 1 pg/ml hydrocortisone, 1
ul/ ml GA-1000, and 10 ng/ml hEGF) that was purchased from Clonetics (Walkersville,
MD). HUVECs (passages 5) were used for all experiments.

Clone and expression of TR3 isoform 2

TR3-is02 cDNA was cloned by reverse transcription PCR (RT-PCR) with RNA isolated
from HUVEC with forward prime rTR3-TV3-110F, 5’-
CCTCCACCATGGACAGAGGCCAGG-3, that starts upstream of the translation starting
site ATG in the exon 2, and the reverse primer TR3-TV3-785R, 5’-
CTGTGGGGGCCCAGAGGCTTT-3, that locates in the common region of all three TR3
transcript variants. The 650-bp PCR product was used as the template for the 2nd PCR with
forward primer TR3-TV3-1F X#ol, 5'-AA
TTATCTCGAGATGTGGTTGGCCAAGGCCTG-3, in which an Xhol restriction enzyme
digestion site (underlined) was added in the 5’-terminal of the TR3-is02 ATG, and reverse
primer TR3-TV1-5RACE3-718R, 5-TCAGAGCCACTGGAGGACAG-3'. The 2nd PCR
product was digested with restriction enzyme Xhol and Ncol. The restriction enzyme Ncol
recognition site is located in the common region of both TR3-isol and TR3-iso2. The
digested 2nd PCR product was cloned to retrovirus expressing vector pMF by replacing the
N-terminal 1-101 bp of TR3-isol cDNA in the pMF-TR3 plasmid [16] to generate the pMF-
TR3-is02 that expressing N-terminal Flag-fused TR3-iso2 protein. The plas-mid was
confirmed correct by DNA sequencing. Preparation and infection of retrovirus expressing
TR3-isol and 2 were carried out as described previously [16].

Proliferation assay

HUVECs (2x103 cells/well) were seeded in 96-well plates. Twenty-four hours later, cells
were transduced with viruses as indicated. Forty-eight hours later, cells were serum starved
with 0.1 % FBS in EBM medium for 24 h and then stimulated with or without VEGF,
histamine, and PMA as indicated for 30 h; cells were washed with PBS twice and kept in the
-80 °C freezer for several hours. A proliferation assay was carried out with CyQuant Cell
Proliferation Assay Kit (Invitrogen, California) following the protocol provided by the
producer. Data are expressed as the mean+SD of quadruplicate values.
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Monolayer migration and monolayer permeability assays

The HUVEC monolayer migration assay and monolayer permeability assay were carried out
as described [17]. Confluent HUVECS that were transduced with viruses as indicated on six-
well plates were subjected to serum starvation as above. The monolayer was then wounded
with a single pass of a 200-pl pipette tip, washed with PBS, and photographed. Cells then
were incubated for 16 h, washed with PBS, and photographed with EVOS digital inverted
microscope (Thermo Fisher Scientific, Waltham, MA). Data are expressed as the number of
cells migrating into the wounded area (20 views from 3 independent experiments).

The HUVEC monolayer permeability assay was carried out as described [17]. HUVECs
(3.5%10° per 24 wells) were seeded on 0.3-um pore size polycarbonate membranes in HTS
transwell-24 well plates (Corning Incorporated, Corning, NY). Twenty-four hours later, cells
were transduced with viruses as indicated. Two days later, culture medium was replaced.
Twenty-four hours later, fluoresceinated-dextran, 70 KDa (Molecular Probes, Eugene,
Oregon), was added to the transwell at a final concentration of 0.25 mg/ml. FITC-dextran in
the bottom wells was read after 1 h with SoftMax Pro program (exCitation 494 nm, emission
518 nm, cutoff 515 nm) in a Spectra Max M5 instrument (Molecular Devices Corporation,
Sunnyvale, CA).

Quantitative real-time RT-PCR

RNA was isolated from cells and reverse transcribed. Real-time RT-PCR for TR3
transcription variants were carried as described previously [30].

MRNA stability assay

Serum-starved HUVEC were pretreated with or without a transcription inhibitor,
actinomycin D1 (10 uM), for 15 min and then stimulated with VEGF-A (10 ng/ml) or
histamine (10 uM) for 0.5, 1, 2, 4, 6, and 8 h. RNA was isolated and subjected to real-time
PCR analysis with the primers that are specific to TR3-TV1, TR3-TV2, and TR3-TV3,
respectively, as described in previous publication [30].

Construction of TR3 promoter and TR3-TV3 promoter

TR3 promoter that controls the transcription of TR3-TV1 and TV2 were cloned from
genomic DNA isolated from HUVEC with forward primer hTR3-luc-F191-1Kpn (-1958)
5-AAAAAAGGTACCT GGGCGCAGGCAGTGGTCT flanked with Kpn | restriction size
(underlined) and reversed primer hTR3-luc-R2249-1Hind 5/-
AAAAAAAAGCTTCCGCGTGCGCTCCCGAAGTT, flanked with Himdll restriction site
(underlined). The PCR products were digested with restriction enzymes Kpnl and HirdllI
and cloned to pGL3-basic luciferase vector (Promega Corporation, Madison, WI) to
generate pGL3-TR3p (-1958). The TR3-TV3p promoter, pGL3-TR3-TV3p (-1200), was
cloned in a similar way. The PCR product was obtained with forward primer TR3-TV3p
(=1200)(Kpnl)F 5-CCAATTGGTACCGCTGCTCCCCTACAGAGTCA flanked with Kpnl
restriction size (underlined) and reversed primer TR3-TV3p (-22) R, 5'-
TGGGAGGCACAGGTCCTTAG, and then digested with Kpnl and Sacl restriction
enzymes. Oligos TR3-TV3p (-1084 Sacl1/2F), 5 -
CCCTCCCACACAGATCCTTGGGACTCTAAATACTGGCCGAACTCGGCCCC-
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CTGAGGCTGTGTCTTCTTGGGGAGCTAAGGACCTG-
TGCCTCCCACTGGCCCGGAACCACTTTCTGC and TR3-TV3p (—-10845acl1R), 5'-
TCGAGCAGAAAGTGGTTCCGGGCCAGTGGGAGGC-
ACAGGTCCTTAGCTCCCAAGAAGACACAGCCTCAGGGGGCCGA-
GTTCGGCCAGTATTTATCCCAAGGATCTGTGTGGGA-GGGAGCT, flanked with
overhangs of Sadl (grayed) and X#ol (underlined) restriction enzymes, respectively, were
annealed. The PCR product and the annealed oligonucleotide were cloned to pGL3-basic
luciferase vector that was digested with Kpnl and X#ol restriction enzymes. The plasmids
were sequenced correct and used for promoter assay.

Promoter assay

HUVEC were transfected with promoter luciferase constructs (four wells per group) as
described previously [29]. HUVECs (6x10* cells/well) were seeded in a 12-well plate.
Twenty-four hours later, cells were washed with minimum essential media (MEM; Life
Technologies, Grand Island, NY, USA) three times and transfected with promoter luciferase
construct (four wells per group). TR3 and TR3-TV3 promoter construct (990 ng/well),
pGL3-TR3p (-1958) and pGL3-TR3-TV3p (-1200), were added to 80 pl MEM,
respectively. pRT-SV40 luciferase vector, serving as internal control (10 ng/well), was added
to 20 ul MEM, which was added to promoter construct. TransIT2020 (1 pl; Mirus Bio
Limited Liability Corporation, Madison, W1, USA) was then added to the DNA mixture.
The transfection mixture was incubated at room temperature for 20 to 30 min and added to
cells. Four hours later, cells were changed to EBM. Sixteen hours after transfection, cells
were stimulated with or without VEGF or histamine. Six hours later after stimulated by
VEGF or histamine, cells were lysed and subjected to luciferase analysis with Dual-
Luciferase Reporter Assay System (Promega Corporation, Madison, WI, USA), following
the instruction provided by the company. The luciferase activity in each well was normalized
to the internal luciferase activity.

Statistical analysis

Results

Results are presented as mean+SD. Student’s #test was employed to determine statistical
significance. For signaling pathway studies, one-way ANOVA was used to determine
significance. pvalues less than 0.05 were considered to be statistically significant.

Cloning and expression of TR3 isoform 2 protein encoded by TR3-TV3 in HUVEC

TR3 transcript variant 1 (TR3-TV1) consists of exons 3-10, lacking of exons 1 and 2,
whereas TR3 transcript variant 2 (TR3-TV2) lacks exons 1, 2, and 4, and is composed of
exons 3 and 5-10. TR3 transcript variant 3 (TR3-TV3) contains exons 1, 2, and 5-10,
without exons 3 and 4 (Fig. 1a). TR3-TV1 and TR3-TV2 encode the same 59.8-KDa TR3-
isoform 1 (TR3-isol) protein with translation starting site ATG locates in exon 5, whereas
TR3-TV3 uses a translation starting site in exon 2, resulting in a 61.2-KDa TR3-isoform 2
(TR3-is02) protein with 13 amino acids longer than TR3-isol protein (Fig. 1a). Except our
most recent report [30], all of the studies about TR3 have been obtained with cDNA
encoding the TR3-isol (TR3 was named in all of the previous publication). Nothing was
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known about the function of TR3-iso2. In order to study the function of TR3-is02, we clone
the TR3-is02 cDNA by RT-PCR with RNA isolated from HUVEC with forward primer that
starts upstream of the translation starting site ATG in the exon 2 and the reverse primer TR3-
TV3-785R that locates in the common region of all three TR3 transcript variants (Fig. 1a).
The 650-bp PCR product was used to clone the open reading frame of TR3-iso2 to retrovirus
expressing vector pMF [16] to generate the pMF-TR3-is02 that expresses N-terminal Flag-
fused TR3-iso2 protein as described in detail in “Materials and methods” (Fig. 1b).
HUVECs were transduced with or without viruses expressing Lac Z, pMF-TR3-is02, or
pMF-TR3-isol. Cellular extracts were subjected to immunoblotting with antibodies against
the common region of TR3 isoforms and Flag tag. Exogenous Flag-fused TR3-iso2 is
detected by antibodies against Flag and TR3 with appearance molecular weight lower than
that of TR3-isol (Fig. 1c). Our results demonstrate that TR3-iso2 is endogenously expressed
in and successfully cloned from HUVEC.

TR3 isoforms differentially regulate HUVEC proliferation, but not migration and monolayer
permeability

Previously, we reported that TR3-isol regulates the proliferation, migration, and
permeability of HUVEC [16, 17]. We would like to test whether TR3-iso2 plays similar
roles as TR3-isol. HUVECs were transduced with viruses expressing Lac Z as control, TR3-
is02, or TR3-isol. After 2 days, cells were serum starved for proliferation assay. As reported
previously, expression of TR3-isol significantly increases proliferation as compared to the
Lac Z control in HUVEC stimulated with or without VEGF-A (Fig. 2a, 5 vs. 1 and 6 vs. 2,
both *p<0.01). However, expression of TR3-is02 has no effect on HUVEC proliferation in
the absence of stimulation (Fig. 2a, 3 vs. 1, *r>0.05), but inhibits HUVEC proliferation
induced by VEGF-A (Fig. 2a, 4 vs. 2, *p<0.01). Then, we study whether TR3-is02 regulates
HUVEC migration and permeability. In migration assay, HUVEC were transduced with Lac
Z as control, TR3-is02, or TR3-isol. Two days after transduction, cells were serum starved
for 24 h and wounded with a pipette tip. Twenty-four hours after wounding, cells were fixed
and cells migrated to wound area were counted. As shown in Fig. 2, TR3-iso2 induces cell
migration, the same as TR3-isol (Fig. 2b, 2 and 3 vs. 1, *p<0.0001). In monolayer
permeability, HUVECs were seeded on 0.3-um pore size polycarbonate membranes and
transduced with Lac Z as control, TR3-iso2, or TR3-iso1 after 24 h. Three days after
transduction of viruses, permeability was assayed with fluoresceinated-dextran (70 KDa).
The results clearly show that, like TR3-isol, TR3-iso2 is able to induce cell permeability
(Fig. 2c, 2 and 3 vs. 1, * p<0.001). These data clearly demonstrate that TR3-iso2 inhibits
HUVEC proliferation induced by VEGF-A, but induces cell migration and permeability.

Previously, we reported that TR3-isol induces cell proliferation by up-regulation of cyclin
D1 [16]. We further study whether TR3-is02 inhibits the expression of cyclin D1. HUVECs
were transduced with Lac Z as control, TR3-is02, and TR3-isol. Two days later, cells were
serum starved for 24 h and cellular extracts were subjected to immunoblotting with an
antibody against cyclin D1. The data show that TR3-iso2 inhibits, while TR3-isol increases,
the expression of cyclin D1 (Fig. 2d, panel 3). We also reported that TR3-isol regulates cell
migration and permeability by down-regulation of proteins in VE-cadherin-associated
adherences, including VE-cadherin, B-catenin, y-catenin, p120, and claudin 5 [17].
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Immunoblotting analysis with cellular extracts isolated from HUVEC transfected with Lac Z
as control, TR3-is02, and TR3-isol shows that expression of VE-cadherin, p-catenin, vy-
catenin, p120, and claudin 5 are down-regulated by both TR3-isol and TR3-iso2 (Fig. 2d,
panels 4-8). The data indicate that TR3-is02, in contracts to TR3-isol, decreases the
expression of cyclin D1, but down-regulates the expression of junctional proteins, similar to
TR3-isol.

TR3-is02 in HUVEC stimulated with histamine

Recently, we reported that expression of TR3-isol is required for the angiogenesis and
microvessel permeability induced by histamine and serotonin [15, 17]. We would like to
study whether TR3-iso2 plays a role in histamine-induced angiogenesis. Serum-starved
HUVECs were stimulated with or without histamine (10 uM) for 1, 2, and 4 h; RNA was
isolated and subjected to real-time PCR analysis with the primers that are specific to TR3-
TV1, TR3-TV2, and TR3-TV3, respectively. As shown in Fig. 3, TR3-TV1, TR3-TV2, and
TR3-TV3 are induced ~3-, ~120-, and 6-fold, respectively (Fig. 3a, left panel, 5 vs. 6 and 7,
* p<0.05, right panel, 1 vs. 2 and 3; 5 vs. 6 and 7, all * p<0.05). Further, the induction of
TR3-TV1and TR3-TV2 peaks at 1 h after histamine stimulation, but that of TR3-TV3 peaks
at2h.

We further study whether TR3-iso2 regulates HUVEC proliferation stimulated by histamine.
HUVEC were transduced with viruses expressing Lac Z as control, TR3-is02, or TR3-iso1.
After 2 days, cells were serum starved and stimulated with histamine. Similar to its effect on
VEGF-A stimulation, expression of TR3-iso2 inhibits HUVEC proliferation induced by
histamine (Fig. 3b, 4 vs. 2, *p<0.01), while expression of TR3 isoform 1 increases, as
reported previously, HUVEC proliferation in the presence and absence of histamine (Fig. 3b,
5vs. 1and 6 vs. 2, both * p<0.001). Our data showed that TR3-TVs are differentially up-
regulated by histamine and that TR3-isol and TR3-iso2 play opposite roles in HUVEC
proliferation induced by histamine.

Up-regulation of TR3-TV2 and TR3-TV3 by histamine are mediated by various signaling

pathways

Most recently, we reported that histamine receptor 1 mediates histamine-stimulated HUVEC
proliferation, migration, tube formation in vitro, and angiogenesis in vivo, while histamine
receptor 2 mediates proliferation, tube formation, and angiogenesis, but not migration [15].
We test which histamine receptors mediate the expression of TR3-TV2 and TR3-TV3
induced by histamine. Because TR3-TV1 and TV2 encode the same protein and TR3-TV1
expression level is low and is not significantly up-regulated by histamine in HUVEC, we
study the signaling pathways by which histamine regulates the expression of TR3-TV2 and
TR3-TV3 with real-time PCR. Serum-starved HUVEC were treated with or without
histamine receptor antagonists for 10 min and then stimulated with histamine (10 uM) for 1
h. Data in Fig. 4a show that the histamine receptor 1 antagonist almost completely inhibits
the expression of TR3-TV2 and TR3-TV3, the histamine receptor 2 antagonist partially
inhibits TR3-TV3 expression, but not TR3-TV2 expression, while the histamine receptor 3
antagonist partially inhibits both TR3-TV2 and TR3-TV3 expressions (Fig. 4a, 1 vs. 3; 2 vs.
4, 6, and 8, all * p<0.05).
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Most recently, we reported that IGF-1R is required for the up-regulation of TR3-TV2
induced by VEGF via its interaction with KDR [30]. We determine whether IGF-1R is
involved in the up-regulation of TR3 transcript variants induced by histamine. Two
approaches are used, including a pharmacological IGF-1R kinase inhibitor AG1024 and an
IGF-1R shRNA (shIGF-1R2) that targets the sequence of 617-635 of IGF-1R mRNA and
was reported to knockdown both IGF-1Ra and IGF-1Rf [30, 31]. Cellular extracts isolated
from HUVEC that were transduced with shIGF-1R2 were subjected to immunoblotting with
an antibody against IGF-1R. shiIGF-1R2 knocks down the expression of IGF-1R (Fig. 4b).
HUVEC were treated with or without IGF-1R kinase inhibitor AG1024 or transduced with
shIGF-1R2 and then stimulated with histamine. Real-time PCR data show that AG1024 and
shlGF-1R2 are unable to inhibit the up-regulation of TR3-TV2 and TR3-TV3 induced by
histamine (Fig. 4c, 1 vs. 3and 5; 2 vs. 4 and 6, all p>0.05). In order to confirm that AG1024
and shIGF-1R2 are functional, HUVEC were treated with or without AG1024, or transduced
with shIGF-1R2 and then stimulated with VEGF. Real-time PCR data show that AG1024
and shlGF-1R2 significantly inhibit the up-regulation of TR3-TV2, but not TR3-TV3,
induced by VEGF-A (Fig. 4c, 7 vs. 9 and 11; 8 vs. 10 and 12, all * p<0.05). To further
confirm that histamine signaling, in contrast to VEGF signaling [30], does not require
IGF-1R, we studied whether histamine cannot induce the phosphorylation of IGF-1R.
Serum-starved HUVEC were stimulated with histamine and VEGF-A for 1, 2, and 5 min.
Cellular extracts were analyzed by immunoblotting with an antibody against phosphorylated
IGF-1Rp. As shown in Fig. 4, while VEGF-A induces IGF-1R phosphorylation as reported
most recently [30], histamine is unable to induce the phosphorylation of IGFR-1R (Fig. 4d).

Because expression of TR3-TV2 and TR3-TV3 by VEGF-A is regulated by different
signaling pathways [30], we further study the signaling pathways, by which histamine
regulates the expression of TR3-TV2 and TR3-TV3. Serum-starved HUVEC were treated
with the inhibitors of several common signaling pathways as indicated and then stimulated
with histamine (10 uM). Data in Fig. 4e indicate that BAPTA/AM, an inhibitor that inhibits
intracellular CaZ* releasing, and CYA, a calcineurin inhibitor, completely inhibit the
expression of TR3-TV2 and TR3-TV3 expression induced by histamine (1 vs. 3 and 5; 2 vs.
4 and 6, all * p<0.05). However, calmodulin inhibitors, W-7 and KN62, have no effect on the
expression of TR3-TV2 and TR3-TV3 induced by histamine (1 vs. 7 and 9; 2 vs. 8 and 10,
all p>0.05). Further, phospholipase C (PLC) inhibitor, U-73122, protein kinase C (PKC)
inhibitors, GF and PMA, protein kinase D (PKD) inhibitor CID, and MEK inhibitor,
PD98059, almost completely inhibit the expression of TR3-TV2 and TR3-TV3 induced by
histamine (1 vs. 11, 13, 15, 17, and 19; 2 vs. 12, 14, 16, 18, and 20, all * p<0.05). However,
IxB shRNA (shlkB) inhibits the expression of TR3-TV2 (1 vs. 21, * p<0.05), but inhibitors
of INK and p38 inhibit the expression of TR3-TV3 induced by histamine (2 vs. 24 and 26, *
p<0.05), respectively. Our data demonstrate that several intracellular signaling pathways are
involved in histamine-induced TR3 transcript variants, including H1-mediated PLC/calcium/
calcineurin/PKC/PKD pathway and ERK pathway, as well as H3-mediated PKC-ERK
pathway.
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TR3 transcript variants function in HUVEC stimulated with protein kinase C activator PMA

Since inhibition of PKC blocks histamine-induced TR3 transcript variant expression, we
then determine the direct effect of PKC activator PMA on TR3 transcript variants. The data
show that PMA (1 mM) induces TR3 transcript variant expression about 79-fold, 443-fold,
and 82-fold, respectively, similarly to those induced by histamine and VEGF (Fig. 5a, 1 vs. 3
and 4; 6 vs. 8and 9; 11 vs. 13 and 14, all * p<0.05). Then, we study whether TR3-iso2 plays
a role in HUVEC proliferation induced by PMA. HUVEC were transduced with viruses
expressing Lac Z as control, TR3-is02, or TR3-isol. After 2 days, cells were serum starved
and stimulated with PMA for 24 h. Similar to its effect on the stimulation by VEGF and
histamine, expression of TR3-is02 inhibits HUVEC proliferation induced by PMA (Fig. 5b,
4vs. 2, *p<0.01). However, overexpression of TR3 isoform 1 increases the proliferation of
HUVEC in the presence or absence of PMA (Fig. 5b, 5 vs. 1; 6 vs. 2, both * p<0.001). We
further study the signaling pathways that mediate the up-regulation of TR3-TVs induced by
PMA. Serum-starved HUVEC were treated with 2-APB (IP3R inhibitor) and rottlerin
(PKCdelta inhibitor), and then stimulated with PMA for 1 h. As shown in Fig. 5, 2-APB and
rottlerin greatly, inhibit the up-regulation of TR3-TV1, TR3-TV2, and TR3-TV3 induced by
PMA (Fig. 5c, 1vs. 4and 7; 2 vs. 5 and 8; 3 vs. 6 and 9, all *p<0.05). These data further
confirm that TR3 transcript variants are regulated by PKC pathway and demonstrate that
overexpression of TR3-is02 inhibits HUVEC proliferation induced by PMA.

VEGF-A and histamine regulate the promoter activities, but not the mRNA stability of TR3
transcription variants

Because TR3-TVs are induced rapidly, we would like to study whether TR3-TVs are
regulated by mRNA stability or transcription. Serum-starved HUVEC were pretreated with
or without a transcription inhibitor, actinomycin D1, for 15 min and then stimulated with
VEGF-A (10 ng/ml) or histamine (10 uM) for 0.5, 1, 2, 4, 6, and 8 h, respectively. RNA was
isolated and subjected to real-time PCR analysis with the primers that are specific to TR3-
TV1, TR3-TV2, and TR3-TV3, respectively. As shown in Fig. 6, up-regulation of TR3-TV1,
TV2, and TV3 are completely inhibited by the treatment of actinomycin D1 (Fig. 6a, *
p<0.05). We then constructed the luciferase reporters, pGL3-TR3p and pGL3-TR3-TV3p,
containing the 1958- and 1200-bp promoter regions upstream of the TR3-TV1 and TR3-
TV3 transcription sites, respectively. HUVEC were transfected with plasmids pGL3-TR3p
(-1958) and pGL3-TR3-TV3p (-1200), together with internal luciferase control and then
stimulated with or without VEGF-A or histamine. The luciferase activities were normalized
to internal control. TR3-TV1 and TR3-TV3 promoter activities are up-regulated by VEGF-A
or histamine (Fig. 6b, 1 vs. 2 and 3; 4 vs. 5 and 6, all * p<0.001). Our data demonstrate that
TR3 transcription variants are regulated by different promoters, but not by their mMRNA
stability.

Discussion

In the present study, we successfully clone TR3 isoform 2 cDNA and express it in HUVEC
(Fig. 1). In contrast to TR3-isol, overexpression of TR3-iso2 inhibits HUVEC proliferation
induced by VEGF (Fig. 2a), histamine (Fig. 3b), and PMA (Fig. 5b). Further, expression of
TR3-is02 down-regulates cyclin D1 expression in HUVEC (Fig. 2d). However, TR3-is02
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induces cell migration, permeability, and down-regulation of the proteins in the VE-
cadherin-associated adherence, similar to TR3-isol (Fig. 2b—d). TR3 transcription variants
are differentially regulated by histamine via a signaling pathway of PLCl/intracellular Ca2*/
calcineurin/PKC/PKD mediated by G protein-coupled histamine receptor H1, and
independent of IGF-1R, in HUVEC (Figs. 3a and 4). Moreover, VEGF and histamine up-
regulate TR3 transcript variants by their promoter activities, but not by their mRNA stability

(Fig. 6).

We find that overexpression of TR3-is02 plays opposite roles in cell proliferation in
endothelial cells, although we are unable to identify, despite extensive effort, the ShRNAs
that specifically knockdown the expression of each TR3 transcript variants due to their short
different regions (data not shown). According to previous publications, TR3/Nur77 exhibits
several different functions depending on the cell type and the nature of the stimulus. TR3/
Nur77 was initially characterized as a growth factor-inducible gene to regulate fibro-blasts
growth induced by mitogenic serum growth factors [32, 33] and pheochromocytoma cell line
PC-12 differentiation by nerve growth factor (NGF) and membrane depolarization [34, 35].
Later, it was reported that TR3/Nur77 is required for the growth factor-induced proliferation
in lung cancer cells [36]. We were the first to report that TR3/Nur77 is a pro-angiogenic
factor to regulate endothelial cell proliferation, migration, and microvessel permeability
[16]. Paradoxically, however, Nur77 null mice are viable, fertile, appear to develop a normal
adult vasculature, and have no defect in normal skin wound healing [21, 29]. However, Liu
et al. and Woronicz et al. first reported a role for TR3/Nur77 in apoptosis; Nur77-expressing
transgenic mice show massive thymocyte apoptosis [37, 38]. Further, deoxycholic acid-
induced colon carcinogenesis is increased in Nur77—/— mice [39]. It was suggested that
these paradoxical effects are due to functional redundancy among the TR3/Nur77 family
members or the different subcellular localizations of Nur77 [40]. However, our data that
TR3 isoforms play opposite roles in the proliferation of endothelial cells raise another
possibility for the TR3/Nur77 paradoxical functions, which leads to a new direction for
studying TR3/ Nur77 function in angiogenesis.

Our data that the appearance molecular weight of TR3-iso2 is lower than that of TR3-isol
may be due to the differential phosphorylation level of these two TR3 isoforms. TR3-is02
plays an opposite role of TR3-isol in proliferation, but a similar role in migration and
monolayer permeability, suggesting that differential phosphorylation level of TR3 isoforms
is required for HUVEC proliferation, but not migration and monolayer permeability. In the
future, we will further study the structural and functional relationship of TR3 isoforms to
elucidate the molecular mechanism, by which TR3 isoforms regulate cell proliferation,
migration, and monolayer permeability.

Histamine is a biogenic amine with multiple functions in vivo and in cultured cells [41-45].
Many studies have implicated that histamine plays important roles in pathologic
angiogenesis. Our previous research demonstrated that histamine is not only a vascular
permeable agent, but an angiogenic factor that induces endothelial cell proliferation,
migration, tube formation in vitro, and angiogenesis in vivo [15, 17]. Our current research
further explores the role of histamine in regulation of TR3-T V5. Similar to VEGF, histamine
up-regulates TR3 transcript variants differentially with much higher induction of TR3-TV2
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than those of TR3-TV1 and TR3-TV3. The diverse bioactivities of histamine are mediated
via various receptors, H1, H2, and H3, that are expressed on a multitude of cell types
(reviews in [46, 47]). Histamine H1 receptor and H2 receptor play important roles in
angiogenesis [48]. Our previous studies showed that histamine mediates microvascular
permeability and angiogenesis through TR3 induction [15, 17]. Here, our data show that up-
regulation of TR3-TV2 by histamine is completely or partially inhibited by histamine H1
and H3 receptor antagonists, but not by H2 antagonist. Up-regulation of TR3-TV3 by
histamine is inhibited completely by H1 antagonist, but partially by H2 and H3 antagonists,
further confirming our results that TR3 isoform 1 and isoform 2 play opposite roles in cell
proliferation.

It is well known that histamine triggers microvessel permeability by binding to Gg-couple
H1 receptor to activate the downstream pathway of PLC, Ca2* releasing, and protein kinase
C [49, 50]. Lahouaria Hadri et al. reported that histamine enhances the promoter activity and
expression of SERCA 3 gene via H1 receptor by Ca2*-calcineurin pathway in HUVEC-
derived EA.hy926 cells [51]. Further studies suggested that PKD and ERK are downstream
targets of PLC-PKC to play a role in histamine signaling pathway because (1) histamine
induces tissue factor expression via H1 receptor to activate PKC-PKD phosphorylation in
smooth muscle cells [52], (2) histamine induces the expression of early growth response
factor 1 (Egr-1) by PKC-ERK, and (3) ERK is essential for histamine-induced cytokine
production [53, 54]. Our data indicate that TR3-TV2 and TR3-TV3 are regulated by PLC/
Ca?*/calcineurine/PKC/PKD/ERK signaling pathway via G protein-coupled histamine
receptor H1. So far, there are a few reports about the histamine H3 receptor in angiogenesis.
It was reported that histamine H3 receptor antagonist inhibits the growth of
cholangiocarcinoma in vitro and in vivo by increase phosphorylation of PKC and ERK [55].
Our study provides new information about histamine receptor H3 because histamine
regulates TR3-TV3 expression via H3 receptor. In our current study, we find that several
intracellular signaling pathways are involved in the histamine-induced expression of TR3
transcript variants, including H1-mediated PLC/calcium/calcineurin/PKC/PKD pathway and
ERK pathway, and H3-mediated PKC-ERK pathway.

TR3/Nur77 is an orphan nuclear receptor, without physiological ligand, which activities are
regulated at transcriptional [24, 56, 57] and post-transcriptional levels [58-60]. In the
presence of actinomycin D1, up-regulation of TR3 variants by VEGF and histamine are
completely inhibited, indicating that these three TR3 transcript variants are regulated by
transcription, which are further confirmed by the promoter luciferase studies. The induction
of luciferase activity is much lower than that of mRNA, which may be due to two
possibilities: (1) the basal level of luciferase activity is high because transfection of
luciferase receptors was carried in the cells without serum starvation, but the mMRNA assays
were carried out in the cells that were serum starved for 24 h, and (2) there are trans-
activating element(s) in the other region(s), such as intron(s), which plays a role in the up-
regulation of TR3 transcription variants.

Together, our studies indicate that, similar to VEGF, histamine significantly induces TR3
transcript variants by increasing their transcription. By cloning and expressing TR3-is02, we
find that TR3-iso02 plays an opposite role to TR3-isol in regulating HUVEC cell
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proliferation. These differential responses are consistent with their effects on cyclin D1
expression. The findings provide new information for therapeutic application of TR3/Nur77
by targeting its isoforms.
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TR3-TV2 TR3 transcript variant 2 mRNA
TR3-TV3 TR3 transcript variant 3 mRNA
TR3-isol TR3 isoform 1 protein
TR3-is02 TR3 isoform 2 protein
IGF-1R Insulin-like growth factor-1 receptor
VEGFR VEGF receptor
ShRNA Short hairpin RNA

References

1. Shibuya M. VEGF-VEGFR signals in health and disease. Biomol Ther (Seoul). 2014; 22:1-9.
[PubMed: 24596615]

2. Hayman SR, Leung N, Grande JP, Garovic VVD. VEGF inhibition, hypertension, and renal toxicity.
Curr Oncol Rep. 2012; 14:285-94. [PubMed: 22544560]

3. Bautch VL. Cancer: tumour stem cells switch sides. Nature. 2010; 468:770-1. [PubMed: 21150987]

4. Ebos JM, Kerbel RS. Antiangiogenic therapy: impact on invasion, disease progression, and
metastasis. Nat Rev Clin Oncol. 2011; 8:210-21. [PubMed: 21364524]

5. Ebos JM, Lee CR, Christensen JG, Mutsaers AJ, Kerbel RS. Multiple circulating proangiogenic
factors induced by sunitinib malate are tumor-independent and correlate with antitumor efficacy.
Proc Natl Acad Sci U S A. 2007; 104:17069-74. [PubMed: 17942672]

6. Kienast Y, von Baumgarten L, Fuhrmann M, Klinkert WE, Goldbrunner R, Herms J, et al. Real-time
imaging reveals the single steps of brain metastasis formation. Nat Med. 2010; 16:116-22.
[PubMed: 20023634]

7. LiJL, Sainson RC, Oon CE, Turley H, Leek R, Sheldon H, et al. DLL4-Notch signaling mediates
tumor resistance to anti-VEGF therapy in vivo. Cancer Res. 2011; 71:6073-83. [PubMed:
21803743]

8. Loges S, Schmidt T, Carmeliet P. Mechanisms of resistance to anti-angiogenic therapy and
development of third-generation anti-angiogenic drug candidates. Genes Cancer. 2010; 1:12-25.
[PubMed: 21779425]

Tumour Biol. Author manuscript; available in PMC 2016 April 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhou et al.

Page 14

9. Ricci-Vitiani L, Pallini R, Biffoni M, Todaro M, Invernici G, Cenci T, et al. Tumour vascularization

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

via endothelial differentiation of glioblastoma stem-like cells. Nature. 2010; 468:824-8. [PubMed:
21102434]

10.

Shojaei F. Anti-angiogenesis therapy in cancer: current challenges and future perspectives. Cancer
Lett. 2012; 320:130-7. [PubMed: 22425960]

Shojaei F, Wu X, Qu X, Kowanetz M, Yu L, Tan M, et al. G-CSF-initiated myeloid cell
mobilization and angiogenesis mediate tumor refractoriness to anti-VEGF therapy in mouse
models. Proc Natl Acad Sci U S A. 2009; 106:6742-7. [PubMed: 19346489]

Wang R, Chadalavada K, Wilshire J, Kowalik U, Hovinga KE, Geber A, et al. Glioblastoma stem-
like cells give rise to tumour endothelium. Nature. 2010; 468:829-33. [PubMed: 21102433]

Helfrich I, Scheffrahn I, Bartling S, Weis J, von Felbert V, Middleton M, et al. Resistance to
antiangiogenic therapy is directed by vascular phenotype, vessel stabilization, and maturation in
malignant melanoma. J Exp Med. 2010; 207:491-503. [PubMed: 20194633]

Shojaei F, Wu X, Malik AK, Zhong C, Baldwin ME, Schanz S, et al. Tumor refractoriness to anti-
VEGF treatment is mediated by CD11b+Gr1+ myeloid cells. Nat Biotechnol. 2007; 25:911-20.
[PubMed: 17664940]

Qin L, Zhao D, Xu J, Ren X, Terwilliger EF, Parangi S, et al. The vascular permeabilizing factors
histamine and serotonin induce angiogenesis through TR3/Nur77 and subsequently truncate it
through thrombospondin-1. Blood. 2013; 121:2154-64. [PubMed: 23315169]

Zeng H, Qin L, Zhao D, Tan X, Manseau EJ, Van Hoang M, et al. Orphan nuclear receptor TR3/
Nur77 regulates VEGF-A-induced angiogenesis through its transcriptional activity. J Exp Med.
2006; 203:719-29. [PubMed: 16520388]

Zhao D, Qin L, Bourbon PM, James L, Dvorak HF, Zeng H. Orphan nuclear transcription factor
TR3/Nur77 regulates microvessel permeability by targeting endothelial nitric oxide synthase and
destabilizing endothelial junctions. Proc Natl Acad Sci U S A. 2011; 108:12066—71. [PubMed:
21730126]

Flaig R, Greschik H, Peluso-lltis C, Moras D. Structural basis for the cell-specific activities of the
NGFI-B and the Nurrl ligand-binding domain. J Biol Chem. 2005; 280:19250-8. [PubMed:
15716272]

Cho SD, Lee SO, Chintharlapalli S, Abdelrahim M, Khan S, Yoon K, et al. Activation of nerve
growth factor-induced B alpha by methylene-substituted diindolylmethanes in bladder cancer cells
induces apoptosis and inhibits tumor growth. Mol Pharmacol. 2010; 77:396-404. [PubMed:
20023005]

Zhan Y, Du X, Chen H, Liu J, Zhao B, Huang D, et al. Cytosporone B is an agonist for nuclear
orphan receptor Nur77. Nat Chem Biol. 2008; 4:548-56. [PubMed: 18690216]

Lee SL, Wesselschmidt RL, Linette GP, Kanagawa O, Russell JH, Milbrandt J. Unimpaired thymic
and peripheral T cell death in mice lacking the nuclear receptor NGFI-B (Nur77). Science. 1995;
269:532-5. [PubMed: 7624775]

Maxwell MA, Cleasby ME, Harding A, Stark A, Cooney GJ, Muscat GE. Nur77 regulates lipolysis
in skeletal muscle cells. Evidence for cross-talk between the beta-adrenergic and an orphan nuclear
hormone receptor pathway. J Biol Chem. 2005; 280:12573-84. [PubMed: 15640143]

Kanzleiter T, Schneider T, Walter I, Bolze F, Eickhorst C, Heldmaier G, et al. Evidence for Nr4al
as a cold-induced effector of brown fat thermogenesis. Physiol Genomics. 2005; 24:37-44.
[PubMed: 16219868]

Hsu HC, Zhou T, Mountz JD. Nur77 family of nuclear hormone receptors. Curr Drug Targets
Inflamm Allergy. 2004; 3:413-23. [PubMed: 15584889]

Campos-Melo D, Galleguillos D, Sanchez N, Gysling K, Andres ME. Nur transcription factors in
stress and addiction. Front Mol Neurosci. 2013; 6:44. [PubMed: 24348325]

McMorrow JP, Murphy EP. Inflammation: a role for NR4A orphan nuclear receptors? Biochem
Soc Trans. 2011; 39:688-93. [PubMed: 21428963]

Mohan HM, Aherne CM, Rogers AC, Baird AW, Winter DC, Murphy EP. Molecular pathways: the
role of NR4A orphan nuclear receptors in cancer. Clin Cancer Res. 2012; 18:3223-8. [PubMed:
22566377]

Tumour Biol. Author manuscript; available in PMC 2016 April 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhou et al.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Page 15

Pearen MA, Muscat GE. Minireview: nuclear hormone receptor 4A signaling: implications for
metabolic disease. Mol Endocrinol. 2010; 24:1891-903. [PubMed: 20392876]

Niu G, Ye T, Qin L, Bourbon PM, Chang C, Zhao S, et al. Orphan nuclear receptor TR3/Nur77
improves wound healing by upregulating the expression of integrin beta4. Faseb J. 2014

Zhao S, Zhou L, Niu G, Li Y, Zhao D, Zeng H. Differential regulation of orphan nuclear receptor
TR3 transcript variants by novel vascular growth factor signaling pathways. Faseb J. 2014;
28:4524-33. [PubMed: 25016027]

Bohula EA, Salisbury AJ, Sohail M, Playford MP, Riedemann J, Southern EM, et al. The efficacy
of small interfering RNAs targeted to the type 1 insulin-like growth factor receptor (IGF1R) is
influenced by secondary structure in the IGF1R transcript. J Biol Chem. 2003; 278:15991-7.
[PubMed: 12604614]

Hazel TG, Nathans D, Lau LF. A gene inducible by serum growth factors encodes a member of the
steroid and thyroid hormone receptor superfamily. Proc Natl Acad Sci U S A. 1988; 85:8444-8.
[PubMed: 3186734]

Ryseck RP, Macdonald-Bravo H, Mattei MG, Ruppert S, Bravo R. Structure, mapping and
expression of a growth factor inducible gene encoding a putative nuclear hormonal binding
receptor. Embo J. 1989; 8:3327-35. [PubMed: 2555161]

Milbrandt J. Nerve growth factor induces a gene homologous to the glucocorticoid receptor gene.
Neuron. 1988; 1:183-8. [PubMed: 3272167]

Yoon JK, Lau LF. Transcriptional activation of the inducible nuclear receptor gene nur77 by nerve
growth factor and membrane depolarization in PC12 cells. J Biol Chem. 1993; 268:9148-55.
[PubMed: 8473354]

Kolluri SK, Bruey-Sedano N, Cao X, Lin B, Lin F, Han YH, et al. Mitogenic effect of orphan
receptor TR3 and its regulation by MEKK1 in lung cancer cells. Mol Cell Biol. 2003; 23:8651-67.
[PubMed: 14612408]

Liu ZG, Smith SW, McLaughlin KA, Schwartz LM, Osborne BA. Apoptotic signals delivered
through the T-cell receptor of a T-cell hybrid require the immediate-early gene nur77. Nature.
1994; 367:281-4. [PubMed: 8121494]

Woronicz JD, Calnan B, Ngo V, Winoto A. Requirement for the orphan steroid receptor Nur77 in
apoptosis of T-cell hybridomas. Nature. 1994; 367:277-81. [PubMed: 8121493]

Wu H, Lin Y, Li W, Sun Z, Gao W, Zhang H, et al. Regulation of Nur77 expression by beta-catenin
and its mitogenic effect in colon cancer cells. Faseb J. 2010; 25:192-205. [PubMed: 20847229]
Cheng LE, Chan FK, Cado D, Winoto A. Functional redundancy of the Nur77 and Nor-1 orphan
steroid receptors in T-cell apoptosis. Embo J. 1997; 16:1865-75. [PubMed: 9155013]

Azmitia EC. Modern views on an ancient chemical: serotonin effects on cell proliferation,
maturation, and apoptosis. Brain Res Bull. 2001; 56:413-24. [PubMed: 11750787]

Beaven M. Histamine Its role in physiological and pathological process. 1978

Faerber L, Drechsler S, Ladenburger S, Gschaidmeier H, Fischer W. The neuronal 5-HT3 receptor
network after 20 years of research—evolving concepts in management of pain and inflammation.
Eur J Pharmacol. 2007; 560:1-8. [PubMed: 17316606]

Haas HL, Sergeeva OA, Selbach O. Histamine in the nervous system. Physiol Rev. 2008; 88:1183-
241. [PubMed: 18626069]

Thurmond RL, Gelfand EW, Dunford PJ. The role of histamine H1 and H4 receptors in allergic
inflammation: the search for new antihistamines. Nat Rev Drug Discov. 2008; 7:41-53. [PubMed:
18172439]

Nguyen T, Shapiro DA, George SR, Setola V, Lee DK, Cheng R, et al. Discovery of a novel
member of the histamine receptor family. Mol Pharmacol. 2001; 59:427-33. [PubMed: 11179435]
Repka-Ramirez MS. New concepts of histamine receptors and actions. Curr Allergy Asthma Rep.
2003; 3:227-31. [PubMed: 12662472]

Ghosh AK, Hirasawa N, Ohtsu H, Watanabe T, Ohuchi K. Defective angiogenesis in the
inflammatory granulation tissue in histidine decarboxylase-deficient mice but not in mast cell-
deficient mice. J Exp Med. 2002; 195:973-82. [PubMed: 11956288]

Tumour Biol. Author manuscript; available in PMC 2016 April 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhou et al.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 16

Dang L, Seale JP, Qu X. High glucose-induced human umbilical vein endothelial cell
hyperpermeability is dependent on protein kinase C activation and independent of the Ca2+-nitric
oxide signalling pathway. Clin Exp Pharmacol Physiol. 2005; 32:771-6. [PubMed: 16173935]

Yuan SY. Signal transduction pathways in enhanced microvascular permeability. Microcirculation.
2000; 7:395-403. [PubMed: 11142336]

Limbourg A, Limbourg F, Drexler H. Cell-based therapies for is-chemic heart disease—*“trick and
treat”. Circ J. 2009; 73:2179-82. [PubMed: 19893260]

Hao F, Wu DD, Xu X, Cui MZ. Histamine induces activation of protein kinase D that mediates
tissue factor expression and activity in human aortic smooth muscle cells. Am J Physiol Heart Circ
Physiol. 2012; 303:H1344-52. [PubMed: 23001835]

Hao F, Tan M, Xu X, Cui MZ. Histamine induces Egr-1 expression in human aortic endothelial
cells via the H1 receptor-mediated protein kinase Cdelta-dependent ERK activation pathway. J
Biol Chem. 2008; 283:26928-36. [PubMed: 18682391]

Matsubara M, Tamura T, Ohmori K, Hasegawa K. Histamine H1 receptor antagonist blocks
histamine-induced proinflammatory cytokine production through inhibition of Ca2+-dependent
protein kinase C, Raf/MEK/ERK and IKK/I kappa B/NF-kappa B signal cascades. Biochem
Pharmacol. 2005; 69:433-49. [PubMed: 15652235]

Francis H, Onori P, Gaudio E, Franchitto A, DeMorrow S, Venter J, et al. H3 histamine receptor-
mediated activation of protein kinase Calpha inhibits the growth of cholangiocarcinoma in vitro
and in vivo. Mol Cancer Res. 2009; 7:1704-13. [PubMed: 19825989]

Dequiedt F, Kasler H, Fischle W, Kiermer V, Weinstein M, Herndier BG, et al. HDAC7, a thymus-
specific class Il histone deacetylase, regulates Nur77 transcription and TCR-mediated apoptosis.
Immunity. 2003; 18:687-98. [PubMed: 12753745]

Youn HD, Liu JO. Cabinl represses MEF2-dependent Nur77 expression and T cell apoptosis by
controlling association of histone deacetylases and acetylases with MEF2. Immunity. 2000; 13:85—
94. [PubMed: 10933397]

Chen HZ, Zhao BX, Zhao WX, Li L, Zhang B, Wu Q. Akt phosphorylates the TR3 orphan receptor
and blocks its targeting to the mitochondria. Carcinogenesis. 2008; 29:2078-88. [PubMed:
18713840]

Chen HZ, Liu QF, Li L, Wang WJ, Yao LM, Yang M, et al. The orphan receptor TR3 suppresses
intestinal tumorigenesis in mice by downregulating Wnt signalling. Gut. 2011; 61:714-24.
[PubMed: 21873734]

Wang A, Rud J, Olson CM Jr, Anguita J, Osborne BA. Phosphorylation of Nur77 by the MEK-
ERK-RSK cascade induces mitochondrial translocation and apoptosis in T cells. J Immunol. 2009;
183:3268-77. [PubMed: 19675165]

Tumour Biol. Author manuscript; available in PMC 2016 April 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Zhou et al.

Page 17

A TR3gene (1] 2] 3] 4] 5 6] 7] 8] 9] 10)
_[>ATG
TR3-TV1 s a] 5] 6] 7] 8] 0o
ATG

TR3-TV2

Gl s s d

ATG
TR3—TV3|1|2i Cslel 7] 8] 9]10]
-«

_—
TR3-TV3-110F TR3-TV3-785R
TR3-TV3-110F
mRNA = = Xhol Ncol
TR3-TV3-785R |
lRT—PCR I
TR3 TV1-5RACE3-718R | pMF-TR3-is01

TR3-is02(-110/785)

TR3-TV3- 1F Xhol 2stPCR

lDigested with Xhol and Ncol

TR3-is02(1/785)

Digested with Xhol and Ncol

Xhol l Ncol

TR3-is02(Xhol / Ncol)

Xh?l NCOL TR3-iso1 cDNA(102-1797)

1

Xhol Ncol \ /

1B

Lac 7

PMF-TR3-isog

ligation

Xho I Nco I
| | TR3-iso1 cDNA(102-1797)

pMF-TR3-is02

PMF-. TR3‘iSo1

TR3 =%

Flag

o e

Fig. 1.

Cloning and expression of TR3-iso2 encoded by TR3-TV3 in HUVEC. a Schematic
representation of TR3-TVs; b schematic representation of cloning TR3-iso2 cDNA; ¢
cellular extracts isolated from HUVEC transduced with Lac Z, as control, Flag-TR3-iso 2,
and Flag-TR3-isol were immunoblotted with antibodies against TR3 (fop panel), Flag
(middle panel), and B-actin for protein equal loading control (bottom panel). Experiments

were repeated three times
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Fig. 2.
TR3 isoforms differentially regulate HUVEC proliferation, but not migration and monolayer

permeability. HUVEC were transduced with Lac Z, as control, Flag-TR3-iso2, and Flag-
TR3-isol. After serum starvation, cells were subjected to proliferation assay (/7=6) (a),
migration assay (/=4 views) (b), and monolayer permeability assay (/=4) (c); d cellular
extracts isolated from HUVEC transduced with Lac Z, as control, Flag-TR3-is02, and Flag-
TR3-isol were immunoblotted with antibodies against TR3 (panel 1), Flag (panel 2), cell
cycle protein, cyclin D1 (panel 3), junctional proteins, VE-cadherin, $-catenin, y-catenin,
p120, and claudin 5 (panels 4-8), and B-actin for protein equal loading control (panel 9).
Experiments were repeated three times (*p<0.05)
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Fig. 3.

TIgS isoform 2 in HUVEC stimulated with histamine. a RNA isolated from serum-starved
HUVEC that were stimulated with or without histamine for 1, 2, and 4 h were subjected to
real-time RT-PCR with specific primers of TR3-TV1, TR3-TV2, and TR3-TV3. Right panel
is the amplification of boxes in the /eft panel (n=2 for real-time PCR); b serum-starved
HUVEC that were transduced with Lac Z, as control, Flag-TR3-iso2, and Flag-TR3-isol
were stimulated with or without histamine for cell proliferation assay (/7=6). Experiments
were repeated three times (*p<0.05)
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Fig. 4.
TR3-TV2 and TR3-TV3 induced by histamine are mediated by different signaling pathways.

a Serum-starved HUVEC were pretreated with or without histamine receptor antagonists for
10 min and then stimulated with histamine for 1 h. RNA were isolated and subjected to real-
time RT-PCR with specific primers of TR3-TV2 and TR3-TV3 (/=2 for real-time PCR); b
cellular extracts isolated from HUVEC transduced with Lac Z, as control, and shIGF-1R2
were immunoblotted with antibodies against IGF-1R (Zop panel) and B-actin for protein
equal loading control (bottom panel); c serum-starved HUVEC were pretreated with IGF-1R
inhibitor, AG1024, or transduced with shIGF-1R2, and then stimulated with histamine or
VEGF as indicated. RNA were isolated and subjected to real-time RT-PCR with specific
primers of TR3-TV2 and TR3-TV3 (n=2 for real-time PCR); d cellular extracts isolated
from serum-starved HUVEC that were induced with VEGF-A or histamine for 1, 2, and 5
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min were immunoblotted with antibodies against phosphorylated IGF-1Rp (fop panel) and
IGF-1Ra for protein equal loading control (bottom panel); e serum-starved HUVEC were
pretreated with or without inhibitors as indicated for 10 min and then stimulated with
histamine for 1 h. RNA were isolated and subjected to real-time RT-PCR with specific
primers of TR3-TV2 and TR3-TV3 (n=2 for real-time PCR). Experiments were repeated
three times (*<0.05)
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Fig. 5.
TR3 transcript variants function in HUVEC stimulated with protein kinase C activator PMA.

a RNA isolated from serum-starved HUVEC that were stimulated with or without PMA for
1, 2, and 4 h were subjected to real-time RT-PCR with specific primers of TR3-TV1, TR3-
TV2, and TR3-TV3 (=2 for real-time PCR); b serum-starved HUVEC that were transduced
with Lac Z, as control, Flag-TR3-is02, and Flag-TR3-isol were stimulated with or without
PMA for cell proliferation assay (/7=6); ¢ serum-starved HUVEC were pretreated with or
without inhibitors as indicated for 10 min and then stimulated with PMA for 1 h. RNAwere
isolated and subjected to real-time RT-PCR with specific primers of TR3-TV2 and TR3-TV3
(=2 for real-time PCR); experiments were repeated three times (*p<0.05)
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Fig. 6.

VlgGF-A and histamine regulate the promoter activities, but not mRNA stability, of TR3
transcription variants. a Serum-starved HUVEC were pretreated with or without
actinomycin D1 for 15 min and then stimulated with VEGF (Zgp panel) or histamine (bottom
panel) for 0.5, 1, 2, 4, 6, and 8 h. RNA were isolated and subjected to real-time RT-PCR
with specific primers of TR3-TV1, TR3-TV2, and TR3-TV3 (/=2 for real-time PCR); b
HUVECs were transduced with TR3 promoter or TR3-TV3 promoter luciferase constructs
and an internal luciferase construct, and then stimulated with or without VEGF-A or
histamine for 6 h. Data are presented as fold changes of luciferase activity in cells related to
no stimulation control (/7=4). Experiments were repeated three times (*p<0.05)
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