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Regulation of geminin by
neuropeptide Y in vascular
smooth muscle cell proliferation
A current review

Atherosclerosis, a major cause of cardio-
vascular disease [1, 2], involves multiple
processes including endothelial cell dys-
function, inflammation, vascularsmooth
muscle cell (VSMC) proliferation, and
matrix alteration.

VSMC proliferation is closely con-
nected to other cellular processes such as
inflammation and matrix alterations [3].
More specifically, the switch of VSMCs
from contractile type (differentiation) to
synthetic type (dedifferentiation) ismod-
ulatedbygrowthfactorsandcytokinesse-
cretedduring theprocess of atherosclero-
sis invivo. Recent studies showed that the
proliferative potential of VSMCs was in-
creased through silencing of geminin [4],
which was first identified by Kirschner
and colleagues as an inhibitor of DNA
replication licensing and a neuralizing
factor related to neural cell fate [5, 6].
Geminin, a nuclear protein, is involved
in differentiation and cell fate decisions
mainly through binding with Cdt1 and
Brahma/Brg1 to control the suppression
of cellular proliferation and to maintain
the undifferentiated state of cells, respec-
tively [7–10].

Sympathetic nervous activity is also
implicated in VSMC proliferation. Neu-
ropeptide Y (NPY), a ubiquitous sympa-
thetic neurotransmitter originally recog-
nized as an appetite stimulant and a vaso-
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constrictor, recently emerged as a growth
factor for a variety of cells including
VSMCs. An intriguing observation is
that the proliferation-promoting effect of
NPYonlyfunctionsincontractileVSMCs
[11]. Moreover, there aremultiple recep-
tors, Y1–Y5, mediating the pleiotropic
activities of NPY, of which the Y1 re-
ceptor is the predominant NPY vascular
receptor responsible for accelerating the
proliferationofVSMCs. Moreover, nore-
pinephrine coexisting with NPY can also
affect VSMC growth by promoting the
expression of geminin [12–15].

With improved understanding of the
molecular mechanismof atherosclerosis,
the suppression of VSMC growth by tar-
geting cell cycle regulation may be a fea-
sible strategy. In addition, new insights
into the role thatgemininplays inVSMCs
may generate new ideas on treating ar-
teriosclerotic cardiovascular disease in
clinical practice.

In this review, we focus on the molec-
ularmechanismof the neurotransmitters
of sympathetic postganglionic neurons,
especially NPY, that interfere with the
proliferation of different VSMCs via reg-
ulation of geminin; we also discuss the
therapeutic potential of targeting NPY in
atherosclerosis from a different perspec-
tive.

Molecular function of geminin

In metazoan cells, DNA replication is
a complicated process that involves a va-
riety of protein factors. The processmust

occuroncepercell cycle inorder tomain-
tain genome integrity. It has been re-
portedthatgemininactsasakeyregulator
of DNA replication licensing through di-
rect binding toCdt1 andby inhibiting the
incorporation of the mini-chromosome
maintenance (MCM) complex into the
pre-replication complex (pre-RC), thus
preventing re-replication in the S phase
[8, 16, 17]. Theunderlyingmechanismof
cell cycle regulationbygemininiscompli-
cated, but there is evidence that a high
expression of geminin plays an essen-
tial role in suppressing cell proliferation
[8]. In addition, geminin can also gov-
ern cellular differentiation, not only by
regulation of DNA replication, but also
through binding of transcription factors
such as the Homeobox family [18] and
by preventing stem cell differentiation by
maintaining the transcription of specific
target genes via inhibition of chromatin
remodelingactivity [7]. Gemininexpres-
sion determines the fate of a wide variety
of cells, for instance, downregulation of
geminin protein expression sustains the

Abbreviations
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MCM Mini-chromosome maintenance
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Fig. 18 Effects of the NPY-Y1 receptor systemonVSMCproliferation in atherosclerosis via regulation of geminin. In
atherosclerosis lesions,multiple regulatory factors are released bydifferent cell types, such as endothelial cell, platelets,
and inflammatory cells, which induce an aberrant phenotypic switch of VSMCs from contractile type to synthetic type.Gem-
inin expression in synthetic VSMCs is upregulated by binding of NPY andY1 receptors that prevents DNA replication during
the Sphase and leads to cell cycle arrest in the Sphase. Thus, stimulationofNPYonVSMCs couldbe a double-edged sword in
the pathogenesis of atherosclerosis.NPY neuropeptide Y,VSMCs vascular smoothmuscle cells

proliferation potential of hematopoietic
stem cells (HSC) and hematopoietic pro-
genitorcells (HPC;[19–21]). Besides, the
levelofgemininexpression incancercells
is significantlyhigher than innormal cells
in order to prevent the accumulation of
stalled replication forks caused by DNA
re-replication and avoid apoptosis [22,
23]. Notably, previous studies suggested
that there were similar correlations in
VSMCs.

Geminin and vascular smooth
muscle cells

Zhang and colleagues [4] found that
geminin silencing markedly increased
the incorporation of 3H-thymidine and
EdU in A10, a rat thoracic aortic smooth
muscle cell line; this demonstrated that
knockdown of geminin can promote
DNA synthesis and proliferation of
VSMCs. Furthermore, flow cytometry
analysis showed that compared with
control groups, silencing geminin in
VSMCs led to a decrease of G0/G1 cells
and an increase of S-phase cells. Con-
sidering that CDK1 is a binding partner
of geminin and CDK1 degradation can

inhibit replication licensing [24, 25], the
researchers investigated whether gem-
inin gene silencing could prevent the
degradation of CDK1 and enhance the
proliferation potential of VSMCs based
on protein and mRNA levels. Collec-
tively, the results of the study indicated
that downregulation of geminin facili-
tated G0/G1–S cell-cycle progression and
upregulation of CDK1, which ultimately
stimulated the proliferation of VSMCs.
In another study, however, the depletion
or overexpression of geminin did not
significantly affect the proliferation of
VSMCs compared with controls [26].
The reason for such diverse results may
be due to the different ways of silencing
geminin or differences in cell samples.

VSMCs can acquire different func-
tions throughphenotypic transformation
from a contractile type (differentiation)
to a synthetic type (dedifferentiation).
VSMC shuttling between the different
phenotypes is based on the specific mor-
phology, particularly the varying levels
of the marker proteins, and on changes
of proliferation potential and migration
rates that are higher in synthetic VSMCs
than in contractile VSMCs [27, 28]. In-

terestingly, it has also been reported that
geminin, always located in the nucleus,
can be excluded from the nucleus to
the cytoplasm when contractile VSMCs
transformed into synthetic VSMCs, and
the same subcellular regulation of gem-
inin was reported in Michigan Cancer
Foundation-7 (MCF7) cells as well [29].
Taken together, these data reveal that cell
growth and specific cell types are interre-
lated with the expression levels and sub-
cellular location of geminin, respectively,
offering new insight into the shaping of
cell destiny by geminin.

Neuronal axis of geminin
involved in atherosclerosis

Neurotransmitters of sympathetic
postganglionic neurons

As previously noted, increased sympa-
thetic nervous system activity is increas-
ingly regarded as a crucial mechanism
underlying cardiovascular complica-
tions in humans [30]. In the periph-
ery, elevated levels of circulating nore-
pinephrine, the main neurotransmitter
of sympathetic postganglionic neurons,
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prompt an increase in heart rate, car-
diac contractility, vascular tone, and
renin–angiotensin system activity [31,
32], making norepinephrine a major
contributor to cardiovascular disease. It
has been proven that norepinephrine can
promote the expression levels of gemi-
nin in VSMCs and affect their growth
[26]. Interestingly, NPY coexisting with
norepinephrine at sympathetic nerve
endings in peripheral regions is an en-
dogenous vasoconstrictor and is released
with norepinephrine in response to di-
rect stimulation of cardiac sympathetic
neurons [12, 13]. On the one hand,
in the central nervous system, an in-
crease in NPY in the paraventricular
nucleus (PVN) or lateral ventricle can
reduce the release of norepinephrine
and decrease the activity of periph-
eral sympathetic nerves, heart rate, and
blood pressure. On the other hand,
NPY directly binds with the Y1 receptor
located on the surface of VSMCs to
strengthen the vasoconstrictor effect of
norepinephrine. Consequently, sympa-
thetic nervous activity correlates strongly
with the pathophysiological process of
atherosclerosis via neurotransmitters
directly or indirectly affecting vascular
endothelial dysfunction and the prolif-
eration of VSMCs.

Geminin and NPY-Y1 receptor
system

Besides potentiating norepinephrine ac-
tivity, NPY significantly enhances the an-
giotensin II-induced vasoconstrictor re-
sponse and intensifies the proliferation
of VSMCs directly by binding with Y1
receptors to promote atherosclerosis [14,
33]. Moreover, it has been demonstrated
that the switch of VSMCs from contrac-
tile type(differentiation) tosynthetic type
(dedifferentiation) plays a critical role
in atherosclerosis, and these cell type
changes are regulated by cytokines re-
leased in atherosclerosis lesions or serum
concentrations invitro[11, 34]. Jiangand
colleagues [11] stimulated A10 cells with
NPY indifferent concentrationsof serum
in order to explore the role of NPY in the
proliferation of different VSMC pheno-
types in the pathogenesis of atherosclero-
sis. The results indicated that NPY only
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Abstract
Geminin, a key regulator of DNA replication
licensing in the cell cycle, plays an essential
role in determining the fate of cells via
suppression of cell proliferation and cellular
differentiation. Neuropeptide Y (NPY) inten-
sifies the proliferation of vascular smooth
muscle cells (VSMCs) directly by binding
with Y1 receptors. In vitro experiments have
shown that stimulation of NPY on VSMCs
via regulation of geminin is a double-edged
sword. Given that the proliferation and the
phenotypic transformation of VSMCs increase

the risk for progression of atherosclerosis, we
focus on the role of geminin interference in
determining the fate of VSMCs. Furthermore,
we discuss the therapeutic potential of
peripheral neurotransmitter interference, thus
pointing toward future research directions in
the treatment of atherosclerosis.
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Regulierung von Geminin durch Neuropeptid Y bei der
Proliferation vaskulärer glatter Muskelzellen. Eine aktuelle
Übersicht

Zusammenfassung
Geminin, eine wesentlicher Regulator
der Lizensierung der DNA-Replikation im
Zellzyklus, spielt eine wichtige Rolle in
der Bestimmung des Zellschicksals via
Suppression der Zellproliferation und Zelldif-
ferenzierung. Neuropeptid Y (NPY) verstärkt
die Proliferation vaskulärer glattmuskulärer
Zellen („vascular smooth muscle cells“,
VSMC) unmittelbar durch Bindung an Y1-
Rezeptoren. In-vitro-Versuche haben gezeigt,
dass die Stimulation von NPY auf VSMC via
Regulation von Geminin ein zweischneidiges
Schwert darstellt. Angesichts dessen, dass
die Proliferation und die phänotypische

Transformation von VSMC das Risiko der
Progression von Atherosklerose erhöht,
richteten die Autoren ihr Augenmerk auf die
Rolle der Beeinflussung von Geminin bei
der Bestimmung des Schicksals von VSMC.
Darüber hinaus erörtern die Autoren das
therapeutische Potenzial der Beeinflussung
peripherer Neurotransmitter, um eine
Richtung zukünftiger Forschung für die
Therapie der Atherosklerose aufzuzeigen.

Schlüsselwörter
DNA-Replikation · Neuropeptid Y ·
Atherosklerose · Neurotransmitter · Zellzyklus

promoted the proliferation of VSMCs
incubated with 0.5% rather than 10%
serum, while VSMCs remained in a dif-
ferentiated and dedifferentiated state, re-
spectively. Moreover, the authors ob-
served a steep increase of geminin in
synthetic-type VSMCs with the presence
of NPY, which was attenuated by antago-
nismofY1 receptors. Furthermore, gem-
inin prevented DNA replication during
the S phase of the cell cycle, and upregu-
lationof geminin induced cell cycle arrest
in the S phase. Flow cytometry analy-
sis indicated that more cells remained in
the S phase after administration of NPY
in synthetic-type VSMCs, which may be

mediatedbyincreasedexpressionofgem-
inin.

In the cardiovascular system, harmful
vasoconstrictive and proliferative effects
of NPY are primarily mediated by Y1
receptors [35]. In in vitro experiments,
the proliferative effects of NPY on hu-
man pulmonary arterial smooth muscle
cells were inhibited in a concentration-
dependent way by selective Y1 receptor
antagonists [36], while the percentage of
cells in the S phase significantly increased
via activationof theNPY-Y1 receptor ag-
onist on VSMCs. Thus, this set of results
clearly identifies the close connection be-
tween VSMC growth induced by NPY
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and the underlying mechanisms of gem-
inin involvement in atherosclerosis.

Multiple factors released by differ-
ent cell types such as endothelial cell,
platelets, and inflammatory cells in-
duce an aberrant phenotypic switch of
VSMCs during atherosclerosis. Addi-
tionally, NPY release is long-lastingly
activated during the development of
atherosclerosis; thus, understanding the
relationship between geminin and the
NPY-Y1 receptor system may provide
exciting insights into treatments for
atherosclerosis (. Fig. 1).

Discussion

Atherosclerosis and its clinical complica-
tions such as stroke are commondiseases
thatposeahealththreatworldwide. Since
Ross proposed that atherosclerosis was
a chronic inflammatory disease [37], it
has been gradually widely accepted that
inflammation as the response to injury
represents thepathogenesisofatheroscle-
rosis. On the one hand, the sympathetic
nervous system plays a central role in
atherosclerosis through release of neuro-
transmitters to induce inflammation. On
theotherhand, neurotransmitters suchas
norepinephrine can interfere with gemi-
nin and ultimately affect VSMC prolifer-
ation that is linked to atherosclerotic in-
flammation. Most importantly, the pro-
liferative effects of another neurotrans-
mitter, NPY, on VSMCs can be inhibited
by the selective Y1 receptor antagonist
[36].

Conclusion

New insights into the neuronal axis of
geminin and Y1 receptor antagonist
to regulate levels of geminin in VSMCs
may provide important knowledge for
the treatment of atherosclerosis. This
therapy would be aimed at alleviating
the side effects of current treatments
and lead to amore rational strategy
in preventing diseases related to the
abnormal transformation of VSMCs.
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Fachnachrichten

Digitalisierung im Gesundheitswesen erfordert
neue Kommunikationsstrukturen

Hinsichtlich der aktuellen Entwicklungen

im Gesundheitswesen reagiert die Fried-

rich-Schiller-Universität Jena und etabliert
ab April 2020 einen neuen Masterstudien-

gang. Ziel ist die Kompetenzstärkung im

Umgang mit digitalen Informationen bzw.
Medien und deren Einsatz in der Kommu-

nikation mit Patienten, Angehörigen und
anderen Laien, sowie innerhalb und zwi-

schen Gesundheitsorganisationen und in

der Forschung. Der Studiengang vermittelt
vertiefende Kenntnisse zu eHealth Litera-

cy, technischen Grundlagen, Evidenz- und

Risikokommunikation, digitaler Kommunika-
tion und deren Anwendungsmöglichkeiten,

sowie ethischen, rechtlichen und ökonomi-
schen Aspekten bei der Implementierung

von eHealth-Anwendungen. Die Studieren-

den lernen dabei, Informationen und Fach-
wissen an die Gesundheitskompetenz ihrer

Gesprächspartner anzupassen und optimale

Kommunikationsstrategien zu finden. Damit
verbunden ist auch Kommunikation als Füh-

rungs- und Leitungskompetenz, sodass die
Teilnehmer und Teilnehmerinnen in der Lage

sind, zentrale Aufgaben in Organisationen

des Gesundheitswesens zu übernehmen.

Der Masterstudiengang stellt in 3 Semestern

mit seinem berufsbegleitenden Charakter ei-
ne besondere Möglichkeit der Weiterbildung

in Deutschland dar. Der Masterstudiengang
(Master of Science) setzt sich mit der schnell

fortschreitenden Digitalisierung im Gesund-

heitsbereich auseinander und fokussiert
auf die Integration von eHealth in Infor-

mationsvermittlung und Kommunikation

in unterschiedlichen Praxiskontexten. Die
Lehrinhalte werden v.a. im Online-Format

über eLearning vermittelt und ermöglichen
den Teilnehmerinnen und Teilnehmern so-

mit größtmögliche räumliche und zeitliche

Flexibilität. Über unsere Online-Plattform ha-
ben Sie jederzeit und von überall Zugriff auf

unsere Vorlesungen und Seminare. Präsenz-

wochen im ersten und zweiten Semester in
Berlin ermöglichen gleichzeitig den Kontakt

zu anderen Studierenden sowie zu unseren
internen und externen Dozierenden. Hier

soll die Grundlage für ein nachhaltiges Netz-

werk gelegt werden, dass Dozierende und
Studierende mit Kooperationspartnern und

Förderern langfristig verbindet und unter-

stützt.

Genauere Informationen zum Studiengang

finden Sie unter www.master-ehealth.uni-

jena.de<http://www.master-ehealth.uni-
jena.de.

Bewerberinnen und Bewerber müssen einen
ersten berufsqualifizierenden Hochschulab-

schluss nachweisen und über mindestens 1

Jahr Berufserfahrung im Gesundheitsweisen
verfügen. Eine Bewerbung für den Studien-

gang ist ab dem 15. Oktober 2019 möglich.

Die Bewerbungsfrist endet am 15. Februar
2020. Interessenten wenden sich bitte an:

master-ehealth@uni-jena.de<mailto:master-
ehealth@uni-jena.de

Quelle: Friedrich-Schiller-Universität
Jena, 23.10.2019
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