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via its target My/9 in mice
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Cellular contractility and, thus, the ability to alter cell shape are prerequisites for a number of important
biological processes such as cytokinesis, movement, differentiation, and substrate adherence. The contractile
capacity of vascular smooth muscle cells (VSMCs) is pivotal for the regulation of vascular tone and thus blood
pressure and flow. Here, we report that conditional ablation of the transcriptional regulator Junb results
in impaired arterial contractility in vivo and in vitro. This was exemplified by resistance of Junb-deficient
mice to DOCA-salt-induced volume-dependent hypertension as well as by a decreased contractile capacity of
isolated arteries. Detailed analyses of Junb-deficient VSMCs, mouse embryonic fibroblasts, and endothelial
cells revealed a general failure in stress fiber formation and impaired cellular motility. Concomitantly, we
identified myosin regulatory light chain 9 (Myl9), which is critically involved in actomyosin contractility and
stress fiber assembly, as a Junb target. Consistent with these findings, reexpression of either Junb or Myl9 in
Junb-deficient cells restored stress fiber formation, cellular motility, and contractile capacity. Our data estab-
lish a molecular link between the activator protein-1 transcription factor subunit Junb and actomyosin-based

cellular motility as well as cellular and vascular contractility by governing Myl9 transcription.

Introduction

Cardiovascular diseases are linked with a number of pathological
conditions and nowadays still constitute the major cause of death
globally. Aberrant regulation of vascular tone plays an impor-
tant role in the pathophysiology of major cardiovascular diseases
including hypertension, myocardial infarction, and atherosclerosis
(1-3). A primary determinant of vascular tone, hence resistance
and regional blood flow, is the contractile capacity of VSMCs.
Abnormal contractility of VSMCs coincides with hypertension
and vasospasm superimposed on atherosclerosis (4). Several layers
of VSMCs compose the wall of arterioles and in particular conduit
arteries, while small capillaries and lymphatic vessels are covered
by pericytes, a subtype of specialized contractile cells (5, 6). Both
pericytes and VSMCs express non-muscle myosin and a-SMA and
have thick actin stress fibers (6). They represent the main compo-
nents of the contractile machinery of these cells and thus are impli-
cated in cell contraction and relaxation. Actin stress fibers that are
connected at both ends to focal adhesions transmit the contractile
force required for actomyosin-mediated contraction. Pressure- or
volume-induced distention as well as active relaxation of the vessel
wall lead to stretching of ECs and, in particular, of VSMCs, with
subsequent induction of stress fiber formation (6, 7). This, in turn,
helps the vessel wall to maintain its tone and the perfusion of the
downstream tissue, whereas excessive or abnormal contractility

Authorship note: Alexander H. Licht and Tobias Niibel contributed equally to this
work.

Conflict of interest: The authors have declared that no conflict of interest exists.
Citation for this article: ] Clin Invest. 2010;120(7):2307-2318. doi:10.1172/JCI41749.

The Journal of Clinical Investigation

htep://www.jci.org

contributes to hypertension or vasospasm and, consequently, to
ischemia, especially in coronary and cerebral arteries (6, 8, 9).

On the molecular level, actin-myosin interactions are controlled
by, among others, two isoforms of the non-muscle motor protein
myosin II, myosin IIA and myosin IIB. Myosin II is a hexameric
molecule consisting of 2 heavy chains and 2 sets of paired light
chains, the essential light chain and the regulatory light chain. Dis-
tinguished by their unique heavy chains, these myosin II isoforms
function to bind and contract F-actin (10, 11). The activity of the
entire myosin II is mainly regulated via posttranslational phos-
phorylation of myosin regulatory light chain 9 (Myl9; also known
as MLC20, RLC-C, or Mylc2c¢) by the opposing activities of MLC
kinases (MLCKs) and a MLC phosphatase (MYP). While these
posttranslational modifications of Myl9 are well-documented
events predominantly triggered by the RhoA/ROCK signaling
pathway (12, 13), transcriptional regulation of Myl9 has only been
addressed with regard to tissue-specific gene regulation. Recently,
Myl9 expression was shown to depend on myocardin-related tran-
scription factors and SRF and to be necessary for cytoskeletal
dynamics and experimental metastasis (14).

Previously, members of the activator protein-1 (AP-1) family of
transcription factors have been associated with cellular contractility
(15, 16), with VSMC migration and proliferation in vitro and dur-
ing neointima formation (17), and with EC migration and sprout-
ing (18-20). AP-1 mediates gene regulation in response to a pleth-
ora of extracellular stimuli including stress-induced signals and
consists of homo- or heterodimers of Jun, Fos, and ATF proteins
(21-23). Interestingly, some phenotypes of mouse mutants with
ablated Junb and cells derived thereof display failures that may be
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Figure 1

Conditional Junb-deficient mice do not develop hypertension and adaptive responses in the DOCA-salt model. (A and B) Relative increase in
systolic blood pressure (A) and in heart weight (B) is depicted for wild-type control (co) and Junb-deficient (A/-) mice subjected to sham operation
or DOCA-salt treatment for 21 days. (C) Left: Whole-mount double-staining of retinal vessels with FITC-coupled lectin (green) and a-SMA antibody
(red). Arrows indicate veins; arrowheads, strongly a-SMA—positive arteries. Right: Complete deletion of the Junb locus was verified by PCR with
genomic DNA preparations from complete retinas of wild-type and Junb-deficient mice. Col1a2-iCre (Cre) PCR served as control for equal quality
and loading. (D) Relative arteriolar narrowing determined by comparing diameters of arterioles from untreated and DOCA-salt—treated control and
Junb?- mice within a distance of 250 um from the optical disc. (E) Ratio of artery to vein diameters is plotted for untreated and DOCA-salt-treated
control and Junb®~ mice. (F) Immunofluorescence costaining of femoral arteries isolated from untreated or DOCA-salt—treated control and Junb®'~
mice for CD31 and desmin, PCNA, or calponin. Scale bars in C and F: 50 um. In each case, one representative staining of sections or of retinas of
at least 3 different mice is shown. Data in A, B, D, and E represent mean + SEM (n = 6 for each condition). *P < 0.05, **P < 0.01, ***P = 0.005.
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associated with actomyosin-mediated cell motility and contraction,
such as failure in trophoblast and EC migration (20, 24) as well as
in fibroblast contractility (16). However, a direct mechanistic link
between members of the AP-1 family and actomyosin-based cell
motility and contraction has not been provided so far. Complete
loss of the AP-1 family member Junb results in embryonic death
between embryonic days 8.5 and 10 due to placental failure and
defective vascular development (24). A similar phenotype was also
seen upon EC-specific Junb ablation in vivo (20). Furthermore, the
absolute requirement of Junb for expression of the angiogenic key
regulator Vegfa and of Cbfb was shown in vitro and in vivo (19, 20).

Due to the fundamental role of Junb in vascular processes, we
applied the volume-dependent deoxycorticosterone acetate-salt
(DOCA-salt) hypertension model to conditional Junb knockout
mice to investigate the impact of Junb loss on VSMC contractility
and the maintenance of vascular tone in vivo.

Results

Junb deficiency results in reduced arterial contractile capacity in vivo and in
vitro. Based on our previous findings that Junb-deficient ECs have
reduced lateral migration capability (20) and that mouse embry-
onic fibroblasts (MEFs) lacking Junb expression show a decreased
contraction of collagen gels (16), we investigated the contractile
behavior of Junb-deficient blood vessels and cells in vivo. To this
end, DOCA-salt hypertension was induced in mice with condition-
ally ablated Junb (Junb®-Colla.2-iCre*) (16), which were generated
upon crossing Junb floxed mice to heterozygous Colla2-iCre*
mice. As controls, corresponding Colla2-iCre* littermates were
used (Junb®*Colla2-iCre"). Junb®~ mice display shaggy fur as well
as reduced body size and body weight (approximately 10% less
than control mice), reminiscent of the phenotype of animals dis-
playing strongly reduced Junb expression in bone (16, 25). Chang-
es in arterial blood pressure were monitored over time following
DOCA-salt administration. While control animals developed a
significant, 33% increase in systolic blood pressure upon a 21-day
DOCA-salt application, the blood pressure of Junb-deficient mice
was insignificantly increased, by 16% (Figure 1A). Untreated con-
trols displayed minor increases of 12% and 8%, respectively (Figure
1A). Analysis of cardiac hypertrophy, an adaptive response to a
pressure-dependent increase in mechanical load of cardiomyocytes
(26, 27), revealed a 25% rise in heart weight for control animals,
while Junb®~ hearts displayed no significant weight change upon
DOCA-salt application (Figure 1B).

Generalized narrowing of arterioles in the retina has long been
recognized as an early feature of hypertension (28, 29). In normal
healthy blood vessels of the retina, the difference in size between
arteries and veins typically is 2:3, while myogenic constriction of
retinal arteries in response to increased blood pressure results in
a reduction of this ratio to less than 1:2 (30). Thus, determining
relative changes in the size of small arterial blood vessels of the ret-
ina provides an additional means to monitor the in vivo response
of this type of blood vessel to DOCA-salt-induced hypertension.
Consequently, retinas were isolated from DOCA-salt-treated con-
trol and Junb®~ mice, and diameters of arteries and veins were ana-
lyzed by confocal microscopy. Complete deletion of the Junb locus
by the activity of Cre recombinase in the retinal compartment was
verified by PCR with genomic DNA preparations from complete
retinas isolated from control and Junb-deficient mice (Figure
1C). Arteries and veins were distinguished by double-staining of
the retinal blood vessels with lectin coupled to FITC and an anti-
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0a-SMA-Cy3 antibody, which resulted in a more pronounced
0-SMA staining of small arteries and arterioles, and by differences
in their vessel branching morphology (Figure 1C). In DOCA-salt-
treated control and Junb-deficient mice, the diameter of the retinal
arterioles was reduced by 16% and 3%, respectively, as compared
with untreated animals (Figure 1D). While DOCA-salt-induced
hypertension caused significant changes in the artery/vein ratio
from 2:3 to 1:2 in the retina of control mice, no such arterial con-
traction was observed in retinal blood vessels of Junb-deficient
mice (Figure 1E). Thus, loss of Junb significantly halted secondary
syndromes related to DOCA-salt-induced hypertension, such as
cardiac hypertrophy and retinal arteriolar constriction.

We further analyzed on a molecular level the susceptibil-
ity and responsiveness of blood vessels toward DOCA-salt
treatment. For this purpose, femoral arteries were subjected
to immunofluorescence staining for distinct marker proteins.
Beforehand, deletion of the Junb locus was verified by PCR with
genomic DNA preparations from mesenteric arteries isolated from
control and Junb-deficient mice (Supplemental Figure 1A; supple-
mental material available online with this article; doi:10.1172/
JCI41749DS1). Importantly, no morphological or structural dif-
ferences per se between control and Junb-deficient arteries were
detected, as demonstrated by similar expression of desmin (Fig-
ure 1F and Supplemental Table 1). Staining for the proliferation
marker proliferating cell nuclear antigen (PCNA) confirmed that
Junb-deficient as well as control arteries responded to the DOCA-
salt-induced hypertension with a profound 2- to 3-fold increase in
proliferative activity (Figure 1F and Supplemental Table 1). Release
of actin-bound calponin, as verified by more than 50% loss of cal-
ponin staining intensity in DOCA-salt-treated arteries, substanti-
ated an active vascular remodeling process that was not affected by
the loss of Junb (Figure 1F and Supplemental Table 1).

To test our hypothesis of an impaired myogenic constriction of
Junb-deficient arterioles, we determined the contractile capacity of
isolated small arteries ex vivo. Segments of second-order branches
of mesenteric arteries were subjected to increasing levels of intra-
luminal pressure and hence were passively distended. Typically,
arteries and in particular arterioles limit such a pressure-depen-
dent distention through active constriction. Junb-deficient mesen-
teric artery segments were more easily distended upon increasing
intraluminal pressure than those derived from control animals
(Figure 2A), highlighting a defective contractile capacity.

Using the same setup, mesenteric arteries were subjected to con-
tinuous perfusion at a flow of approximately 0.07 ml/min, fol-
lowed by treatment with the vasoconstrictive agent norepineph-
rine. Only stimulation of the arterial segments from control mice
with norepinephrine resulted in a robust concentration-dependent
decrease in diameter (Figure 2B). Junb-deficient arterial segments
reacted with a much weaker contraction at all concentrations tested
(Figure 2B, left). Administration of acetylcholine (100 umol/l) sub-
sequent to the highest concentration of norepinephrine resulted in
a comparable near-maximum arterial relaxation, showing that the
analyzed segments were still endothelium-intact (data not shown).
Additionally, we analyzed the contractile capacity of denuded arte-
rial segments by exposing them to increasing concentrations of
norepinephrine (Figure 2B, right). Constriction of de-endotheli-
alized arteries requires stimulation by higher concentrations of
norepinephrine, as the vessel wall has been traumatized by the
denuding procedure, limiting its contractile capacity. Removal
of ECs was validated (a) functionally, by failure of acetylcholine-
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Contraction failure of second-order mesenteric artery branches derived from Junb-deficient mice. (A) Relative increase in diameter of mesenteric
artery segments from control and Junb®- mice challenged with increasing intraluminal pressure. Diameter of unchallenged arteries was set to
100 %. AP, pressure difference at which segments were perfused. Results were obtained from 6 independent segments from 3 individual mice
of each genotype. (B) Concentration-dependent decrease in luminal arterial diameter of mesenteric artery branches derived from control and
Junb®- mice upon treatment with the vasoconstrictive agent norepinephrine is shown. Mesenteric artery branches were denuded by perfusion
with an incompatible culture medium (right) or left intact (left) prior to norepinephrine exposure. Vessel integrity or EC removal was confirmed by
immunofluorescence costaining for CD31 and a-SMA. Nuclei were counterstained with Hoechst 33342 (blue). Scale bars: 200 um. In each case,
one representative staining of sections of at least 3 different mice is shown. Data are presented as mean + SEM (n = 6). **P < 0.01, *P < 0.05.

induced dilation of norepinephrine-preconstricted arteries (data
not shown), and (b) by staining for CD31 and a-SMA (Figure 2B).
In line with the aforementioned results, denuded Junb-deficient
mesenteric artery segments displayed a failure in contractile capac-
ity similar to that of their endothelium-intact counterparts.

Junb controls stretch-induced stress fiber formation and motility. VSMCs
are key effectors in the wall of blood vessels, determining their
tone, resistance, and perfusion through their contractile capacity
(1, 31). As stress fiber formation provides a mechanism for both
structural and biochemical adaptation of VSMCs to mechanical
load (6), we mimicked the effect of pressure-induced deformation
by subjecting cultured VSMCs to cyclic stretch followed by analysis
of subsequent stress fiber formation. While control VSMCs exhib-
2310
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ited prominent stress fiber formation 3 hours after cyclic stretch,
this was absent in Junb-deficient VSMCs (Figure 3A). Moreover,
in resting Junb-deficient VSMCs, no stress fibers were detected at
all in comparison to a marginal staining in control cells (Figure
3A). Stress fibers are rod-shaped structures made by the actomyo-
sin-based contractile systems in several cell types, including fibro-
blasts. Concomitantly, we analyzed stress fiber formation in MEFs
lacking Junb. In wild-type fibroblasts, prominent F-actin-positive
bundles could be readily detected, while stress fibers were nearly
absent in Junb-deficient MEFs and, in addition, were much thin-
ner compared with those of control MEFs (Figure 3A).

Formation of stress fibers is essential for cell motility. Specifically,
migrating cells retract their tails by contraction of stress fibers
Volume 120
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Stress fiber formation and migration of VSMCs and MEFs is Junb-dependent. (A) Top: Stress fiber formation in control and Junb®- VSMCs
was monitored by immunofluorescence staining with phalloidin—Alexa Fluor 488 (green) at O (Static) and 3 hours after cyclic stretch application
(Stretch). Nuclei were counterstained with Hoechst 33342 (blue). Bottom: Stress fibers were stained in control and Junb- MEFs with phalloi-
din—Alexa Fluor 488 (green). Scale bars: 10 um. One representative staining of at least 3 independent cell preparations is shown (n = 3). (B) Left
and middle panels: Relative wound closure of control and Junb-deficient VSMCs (A/-) and MEFs (—/—) within 4 days (VSMCs) and 8 hours or 18
hours (MEFs) after wounding. Right: Average length of tracks (in um/h) from 10 wild-type and 10 Junb~- MEFs each over a period of 8 hours.
Error bars represent SD (left and middle panels) and SEM (right panel) values (in each case, n = 3). ***P < 0.005.

(12). As we have shown previously that Junb-deficient ECs have
a reduced lateral migration capacity (20), we now analyzed the
migratory capacity of Junb-deficient VSMCs and MEFs. Confluent
monolayers were scratch-wounded (wound of 1-mm width), and
migration was determined by monitoring wound closure by the
cells over time. While control VSMCs achieved a distance of about
447 + 144 um, Junb-deficient VSMCs migrated a 4.5-fold-shorter
distance (Figure 3B). Consistent with this finding, Junb-deficient
MEFs showed a clearly retarded gap closure in a scratch-wounding
assay (Figure 3B). While wild-type cells closed the gap almost com-
pletely within 18 hours after wounding, cells lacking Junb covered
only two-thirds of the wound area. This difference was even more
evident at the earlier time point of 8 hours after wounding (Figure
3B). To further analyze cellular motility on the single cell level, we
applied video microscopy to track cell movements. In this assay,
wild-type cells migrated approximately 4-fold faster than Junb-
deficient MEFs (Figure 3B).

Junb®~ arteries and cells express reduced levels of Myl9. Actin polymer-
ization, reorganization, assembly of stress fibers, as well as retrac-
tion of the cell tail during migration require phosphorylation
of Myl9 (12, 13, 32-34). Therefore, the phosphorylation status
and overall protein levels of Myl9 were analyzed. The amount of
phosphorylated Myl9 was strongly reduced in both native tissue
and cultured cells lacking Junb, including VSMCs of retinal and
mesenteric arteries, MEFs, as well as isolated primary VSMCs
(Figure 4A and Supplemental Table 1) and ECs (Supplemen-
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tal Figure 2A). By contrast, the corresponding control tissue or
cells revealed robust phosphorylation of Myl9 (Figure 4A and
Supplemental Figure 2A). Analysis of femoral arteries isolated
from DOCA-salt-treated mice revealed that hypertension and
hence volume-induced stretching of vascular cells, in particular
of VSMCs, resulted in a slight increase in Myl9 protein (Supple-
mental Figure 1B and Supplemental Table 1) and elevated levels of
phosphorylated Myl9 (Supplemental Figure 1C and Supplemental
Table 1). In accordance with the lack of hypertension development
and the observed decrease in arterial contractile capacity (Figure
1A and Figure 2A), Junb-deficient arteries displayed only marginal
levels of Myl9 and phospho-Myl9 protein that were only slightly
changed upon DOCA-salt treatment (Supplemental Figure 1, B
and C, and Supplemental Table 1).

Mpyl9 is a Junb target gene. Remarkably, severely reduced abundance
of total Myl9 protein was observed in Junb-deficient VSMCs, MEFs
(Figure 4B), and ECs (Supplemental Figure 2A). Moreover, culture
of MEFs on different extracellular matrix components did not
increase Myl9 protein levels in Junb-deficient cells (Supplemental
Figure 2C). Taken together, these findings supported the idea that
Mpyl9 may be a direct Junb target gene. Indeed, semiquantitative RT-
PCR analysis revealed a reduced number of Myl9 transcripts in Junb-
deficient VSMCs, MEFs (Figure 4B), and ECs (Supplemental Figure
2A). A 6-fold-higher Myl9 expression was found by quantitative RT-
PCR (qRT-PCR) in control cells when compared with Junb-deficient
VSMCs (Figure 4C). Additionally, reexpression of Junb upon retro-
Volume 120 Number 7
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Junb?- arteries and cells show severely
diminished levels of Myl9 protein and
mRNA. (A) Levels of phosphorylated Myl9
were assessed by immunofluorescence
staining with a specific antibody recog-
nizing phospho-Ser19 of Myl9 (p-Myl9)
in control and Junb?- retina prepara-
tions, mesenteric artery branches, primary
VSMCs, and MEFs. Retinal artery whole-
mount sections were costained with an
a-SMA (red) antibody for VSMC cover-
age. Mesenteric arteries were costained
with anti-desmin (red; nuclei were coun-
terstained with Hoechst 33342 [blue]);
VSMCs and MEFs were costained with
phalloidin—Alexa Fluor 488 (green) to visu-
alize stress fibers. Scale bars: 20 um (reti-
nal arteries), 200 um (mesenteric arteries),
and 10 um (VSMCs, MEFs). In each case,
one representative staining of at least 3
different sections or cell preparations is
shown (n = 3). (B) Top: Immunoblot analy-
sis reveals diminished Myl9 protein lev-
els in Junb*- VSMCs and Junb~- MEFs.
Bottom: Semiquantitative RT-PCR analy-
sis confirms reduced expression of My/9
in Junb®- VSMCs and Junb~- MEFs at
the mRNA level. Expression analyses of
housekeeping genes (hkg) served as con-
trol for equal quality and loading. Results
of densitometric quantification of blots are
indicated under each lane. One represen-
tative result of 3 independent experiments
is shown (n = 3). (C) gRT-PCR analysis
confirmed the results of B, showing a
6-fold-reduced expression level of My/9 in
Junb®- VSMCs. Error bars represent SD
values (n = 3). *P < 0.05.

viral transduction of Junb®~ VSMCs restored Myl9 protein levels,as  purpose, primer sets were generated to amplify distinct regions of
shown by immunoblot analysis (Supplemental Figure 2B). the Myl9 promoter (Figure SA). Two regions amplified by primer

To demonstrate that Myl9 is a direct Junb target gene, we ana-  pairs P2 and P3 contain putative Junb binding sites, such as TPA
lyzed Myl9 promoter occupation in MEFs and endothelioma cells ~ response elements (TREs) or cAMP response elements (CREs),
(END cells) (20) by ChIP analysis (Figure 5, A and B). For this  while region P1 recognized by primer set P1 and located 3,000
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base pairs upstream of the transcriptional start site of Myl9 lacked
Junb binding sites and thus served as negative control. ChIP analy-
sis with a specific Junb antibody revealed binding of Junb to the
region amplified by primer pair P2 (Figure 5B). This region con-
tains 2 CREs in close proximity at positions -1,688 and -1,666
upstream of the transcriptional start site. In contrast, the Junb
antibody failed to immunoprecipitate the irrelevant control region
P1 and the region P3 harboring 2 classical TREs and 1 CRE (Fig-
ure 5B). Quantitative PCR (qPCR) analysis revealed that the Junb
antibody precipitated 1% and 0.61% of total input chromatin from
MEFs and END cells, respectively, for the target region P2. qPCR
with control primers flanking an irrelevant region (P1) or on IgG-
precipitated chromatin did not yield significant amounts of PCR
product (Figure SB). Hence, Junb binds to the 2 CREs at positions
-1,688 (TGACATCA) and -1,666 (TGACATCA), suggesting that
Mpyl9 is a direct Junb target gene.

Reexpression of Myl9 in Junb-deficient cells restores cellular motility and
contractility. To further validate our data and to assess whether exclu-
sively diminished Myl9 expression due to lack of Junb is causative
for the aforementioned phenotypes, we reexpressed either Junb or
Myl9 in Junb-deficient MEFs. Successful protein reexpression was
confirmed by immunoblot analysis (Figure 6, A and B). Junb-trans-
duced cells showed a clear reexpression of Myl9 as compared with
Junb-deficient MEFs transduced with empty vector (Figure 6A).
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Figure 5

Myl9 is a Junb target gene. (A) Scheme representing the My/9 pro-
moter region with putative Junb binding sites and regions (P1-P3) tar-
geted during ChlIP analyses. (B) ChIP analysis on the My/9 promoter
was performed for wild-type MEFs and END cells using an antibody
specific for Junb or rabbit IgG as a negative control as indicated. Top:
Representative ethidium bromide—stained agarose gel. Bottom: gPCR
analyses using primer pairs P2 and P1 amplifying the region spanning
the 2 CRE sites or an irrelevant region, respectively. Relative amount
of chromatin precipitated by the Junb antibody and the control rabbit
IgG are given as percentage of input material set to 100%. Results
represent the mean + SD of 3 independent experiments, each carried
out in triplicate. *P < 0.05, **P < 0.01.

Notably, either sole Junb or sole Myl9 reexpression restored stress
fiber formation, in contrast to cells transduced with empty vector
(Figure 6, C and D). Moreover, the migratory behavior of Junb- as
well as Myl9-rescued cells was virtually identical to that of control
cells, as demonstrated by a completely reconstituted wound closure
capability (Figure 6, E and F). Formation of stress fibers as well as
migration capability of wild-type MEFs was not influenced by over-
expression of Junb or Myl9 (Supplemental Figure 3, A-C). Most
importantly, reintroduction of Myl9 in a Junb-deficient background
restored levels of both Myl9 (Figure 6B) and phosphorylated Myl9
(Figure 6D). Thus, a potential defect in the upstream signaling cas-
cade regulating stress fiber assembly can be excluded.

In order to directly determine the ability of Junb- and Myl9-rescued
cells to reorganize and contract extracellular matrix, we performed
a collagen gel contraction assay previously used to demonstrate a
contraction failure of Junb-deficient primary skin fibroblasts (16).
In line with our previous findings, Junb-deficient MEFs showed a
severe impairment in contracting collagen lattices. While wild-type
cells displayed a contraction capacity of 58%, Junb~~ MEFs or empty
vector-transduced Junb~~ cells exhibited a contraction capacity of
only 5.8% or 1.8%, respectively (Figure 6G). By contrast, reexpres-
sion of either Junb or Myl9 resulted in a major improvement of con-
traction capacities, i.e., 49.9% and 38.5%, respectively (Figure 6G).
Overexpression of either Junb or Myl9 in wild-type cells also had no
influence on the contractile capacity of fibroblasts (Supplemental
Figure 3D). As defects in cellular motility and contraction capacity
of Junb-deficient MEFs could be reestablished upon unique Myl9
reexpression (Figure 6, F and G), impaired stress fiber formation and
cell contractility and motility were predominantly caused by the sole
loss of Junb-dependent Myl9 protein expression.

Discussion

Hypertension is a critical risk factor for cardiovascular diseases
and is usually associated with other health threats, such as aging,
adiposity, insulin resistance, diabetes, and dyslipidemia (3, 35, 36).
Treating hypertension has been shown to decrease the risk of devel-
oping heart failure. Today, the most challenging tasks deal with
the accurate diagnosis and selection of the optimal treatment regi-
men (35, 37). A broad understanding of the underlying vascular
biology and molecular mechanisms is a prerequisite to efficiently
reducing cardiovascular morbidity and mortality. Here, we have
applied the well-known volume-dependent DOCA-salt model of
hypertension to genetically modified mice lacking Junb and were
able to demonstrate that loss of this transcriptional regulator pre-
vents mice from developing hypertension and associated adaptive
responses such as cardiac hypertrophy and retinal artery constric-
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Figure 6

Reexpression of Junb or Myl9 in Junb~- cells restores stress fiber formation, cellular motility, and contraction
capability. (A and B) Reexpression of Junb or Myl9 in Junb~- MEFs restores Myl9 expression, as confirmed
by immunoblot analysis of nuclear and total extracts from wild-type MEFs (co) or Junb~- MEFs that were
left untreated or retrovirally transduced. RCC1, Hsc70, and B-actin served as control for equal quality and
loading. Results of densitometric quantification of blots are shown. (C and D) Immunofluorescence staining
for F-actin and phosphorylated Myl9 (p-Myl9) on Junb-- MEFs transduced with an empty vector or Junb- or
Myl9-encoding retroviral expression vector. Scale bars: 10 um. In C and D, one representative staining of
at least 3 independent cell preparations is shown (n > 3). (E and F) Relative wound closure of control and
Junb~-MEFs and of the same cells transduced with empty vector or Junb- or Myl9-containing vector subject-
ed to scratch wounding. Values were calculated from images of the wound area taken at 0, 8, and 18 hours
after wounding. ***P < 0.005. (G) Relative collagen gel contraction by wild-type or Junb~- MEFs transduced
with empty vector or Junb- or Myl9-encoding retroviral expression vector. Gel contraction capability was
determined 96 hours after seeding as percentage of the initial gel surface area that was set to 100%. Results
represent the mean + SD of 3 independent experiments (n = 3), each performed in triplicate (E and G).
Bonferroni multiple comparisons test was applied for statistical analysis. ***P < 0.001.
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of the novel Junb target Myl9
(Figure 7). Our findings that
animals with conditionally
ablated Junb were unable to
efficiently counteract the
increased volume/hydrostatic
pressure-dependent distention
by active constriction and, asa
consequence, did not develop
hypertension link Junb direct-
ly to disease patterns such as
hypertension or vasospasm.
Until now, strong evidence
has accumulated that actomyo-
sin-based cell contractility and
motility are mainly controlled
by phosphorylation of Myl9.
This Myl9 phosphorylation
on Serl9 causing the contrac-
tion of the actin network by
myosin II is regulated by vari-
ous MLC kinases and myosin
phosphatase (MYP) (Figure 7).
While MLCK, ROCK, ZIP
kinase, and citron kinase direct-
ly phosphorylate Ser19 of Myl9,
maintenance of phospho-Myl9
is achieved via ROCK-mediated
phosphorylation and hence
inactivation of MYP (12, 13).
The activities of these various
protein kinases are controlled
via distinct signaling pathways
involving FAK, Rho/ROCK,
integrin-linked kinase (ILK),
and protein kinase C. Initial
triggers for these signaling path-
ways are Ca?* sensitization and
extracellular stimuli. Indeed,
gene targeting and inhibitor
approaches have underscored
the implication of the RhoA/
ROCK pathway in the patho-
genesis of hypertension (38,
39) and the requirement of ILK
for the formation of a unitary
layer of aligned VSMCs around
arterioles and the regulation of
blood vessel constriction (40).

tion. Nevertheless, DOCA-salt administration induced structural
remodeling of Junb-deficient arteries, as confirmed by an increase
in proliferating VSMCs and calponin release from actin filaments,
which was comparable to structural changes observed in control
vessels (Figure 1F). Yet these arteries did not contract properly in
response to an increase in blood volume and hence hydrostatic
pressure. Most likely, this is caused by a failure in actomyosin-
mediated vessel contractility. We could identify as a responsible
molecular mechanism a decreased capacity for stress fiber forma-
tion in vascular cells, predominantly in VSMCs, and subsequently
a reduced cellular contractility caused by the blunted expression
2314
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Our data show for the first time to our knowledge that a
stress-induced transcriptional regulator, namely Junb, is causally
involved in the regulation of blood vessel contraction capacity
and, moreover, in the basic cellular process of actomyosin-based
cellular contractility and motility. Junb directly governs the activ-
ity of the non-muscle motor protein myosin II by controlling the
abundance of Myl9. ChIP analyses demonstrated binding of Junb
to 2 CRE sites present in the promoter of the Myl9 gene. In fact,
we could identify impaired Myl9 transcription as a rate-limiting
event causally linked to the observed phenotypes, namely, the
impaired contractile capacity of Junb-deficient arteries in vivo
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and in vitro, the impaired stress fiber formation and motility of
VSMCs, MEFs, and ECs, as well as the defective contractility of
MEPFs derived from Junb-deficient mice.

In support of these findings, we were able to restore cell motil-
ity and contractility upon sole reexpression of Myl9 in Junb-defi-
cient cells. Importantly, mere transcriptional induction of Myl9
expression is Junb dependent, while upstream signaling mecha-
nisms leading to the activation of Myl9 are unaffected, as shown
by normal expression and phosphorylation levels of FAK (data not
shown) and, most importantly, a robust phosphorylation of ectopi-
cally expressed Myl9 in the absence of Junb. Therefore, in addition
to the current concept of a primarily posttranslational regulation
of Myl9 activity via phosphorylation/dephosphorylation (12, 13),
Junb-mediated regulation via its expression level plays a pivotal
role in Myl9 functionality. The transcriptional regulation of Myl9
by myocardin-related transcription factors and serum response fac-
tors (14) raises the possibility that these factors may cooperate with
Junb in the transcriptional control of Myl9 by an as-yet-unknown
mechanism. Junb-dependent Myl9 expression and the control of
cellular contractility and motility linked therewith (Figure 7) may
also explain some phenotypes reported for Junb-deficient embryos
and mice, such as failure in trophoblast migration, fibroblast con-
tractility, and EC sprouting induced angiogenesis (16, 20, 24).

In this context, it is interesting to mention that processes of
both endothelin-mediated vasoconstriction and cold-induced
cutaneous vasoconstriction of VSMCs apparently converge at the
stimulation of AP-1 activity. Endothelin stimulates ERK activation
and subsequent AP-1 transcriptional activity (41). Cold-induced
vasoconstriction is initiated by increased expression of cutaneous
smooth muscle o,c-adrenoceptors (azc-Ars), which is mediated
through a cyclic AMP/Rap1/JNK/AP-1 signaling pathway (42).
For the future, it remains to be demonstrated whether induction
of vasoconstriction for both events also involves transcriptional
induction of Myl9 via Junb. Generation of conditional Junb knock-
out mice lacking Junb specifically in VSMCs will provide a valuable
tool to study the involvement of Junb-dependent Myl9 regulation,
especially in the cold-pressure response.

Aberrant regulation of cellular motility and contractility represent
critical parameters of tumor cell invasion and metastasis. In this
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Figure 7

Model showing the molecular link between Junb and actomyosin-based
cellular contraction and motility. Junb controls abundance of My/9 tran-
scripts by transactivating the My/9 promoter via 2 CRE sites. Subse-
quent phosphorylation of the Myl9 protein by activated MLCK leads
to contraction, while dephosphorylation by MYP promotes relaxation.
Junb ablation results in diminished levels of My/9 and consequently of
phospho-Myl9, causing a failure in actomyosin-based contraction.

regard, our data may contribute to the understanding of migration,
invasion, and metastatic spread of tumor cells. In fact, overexpres-
sion of Junb has been reported for several human tumors/tumor
models (43, 44), while Myl9 expression levels have not yet been
addressed in the context of tumor progression and metastasis.

In the present study, we show that Junb is a key regulator of a
pivotal basic cellular function, namely of actomyosin-based con-
tractility and motility. In the course of this, our data obtained with
a mouse model showing a broad Junb ablation indicate that Junb
is a crucial regulator of arterial contractility. We assume that Junb
predominantly affects VSCM function, as the failure in contractile
capability persisted in denuded Junb-deficient arteries. Transcrip-
tional upregulation of Myl9 may represent an additional means
for cells including VSMCs to deal with stress cues. In the future,
it will be of major interest to study VSCM-specific mouse models
with a Junb ablation or overexpression in order to investigate the
impact of Junb on VSMC biology and physiology in more detail.
Overexpression of Junb could be implicated in the abnormally
increased contractility of VSMCs observed in vascular diseases
such as hypertension and vasospasm superimposed on atheroscle-
rosis. Our findings that interference with Junb function hampers
Myl9 abundance and thereby actomyosin-mediated cytoskeletal
functions is of fundamental importance with regard to therapeu-
tic strategies targeting MAP kinase signaling and AP-1 activity.
Refined approaches to modulate or to soften cellular responses
to vascular insults may be required for the development of future
antihypertensive pharmacotherapy and treatment of cardiovascu-
lar disease and cancer progression.

Methods
Animal experiments. The generation of Junb*/~ (24), Junb floxed (25), and col-
lagen type I a2-iCre (16) mice has been described previously. The genetic
background of all mouse lines used was C57BL/6 (>Fy;). Colla2-iCre*
mice were crossed to Junb”~ mice, and iCre-positive males were mated to
Junb"! female mice to obtain Junb”/-Colla2-iCre*, Junb/*Colla2-iCre®,
Junb/~Colla2-iCre", and Junb”*Col102-iCre” mice. Genotypes were detected
at the expected Mendelian ratio. Due to Cre activity, Junb//-Col10.2-iCre* and
JunbV*Colla2-iCre* genotypes resulted in the Junb® "~ mice used in the study
and in Junb®*Coll02-iCre* littermates that were used as controls. Genotyp-
ing and housing of mice was done as previously described (16, 24, 25). All
procedures performed on animals were approved by the local government
authorities (Regierungsprisidium Karlsruhe, AZ 621-2531.31-1/01).
Twenty-one-day-release DOCA pellets containing 50 mg DOCA (Innova-
tive Research of America) were implanted subcutaneously by incision of the
right flank in mice at an average weight of 14-18 g. Control animals were
sham operated. All animals (DOCA and control groups) received isotonic
saline (10 g NaCl/l) for a period of 21 days, starting with the first day of
DOCA treatment. The animals were then followed by weekly measurements
of pulse and systolic blood pressure. Systolic blood pressure was recorded
using a noninvasive tail-cuff system (Panlab). After 3 weeks of treatment,
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Table 1
List of primer sequences used

Primer name Application Nucleotide sequence

Myl9 P1 for ChIP 5'-CAGCCCTTGTCTTTTTGTCA-3'

Myl9 P1 rev ChIP 5'-AACCTATGGCCTCCTACTTG-3'

Myl9 P2 for ChIp 5'-GTCTCAAAACCCACCCCCACAGT-3'
Myl9 P2 rev ChIP 5'-GGCTTTTAATTTATGACCTAT-3'

Myl9 P3 for ChIP 5'-CCCATGGCACCTGCACCTCACC-3’

Myl9 P3 rev ChIP 5'-CCTGCCTGGCCACATACGAACA-3'

Hprt for RT-PCR 5'-GCTGGTGAAAAGGACCTCT-3'

Hprt rev RT-PCR 5'-CACAGGACTAGAACACCTGC-3

Myl9 for RT-PCR 5'-CGGGATCCCGAGATGGCTTCATTGATA-3'
Myl9 rev RT-PCR 5'-CGGAATTCCGTTCATCATGCCCTCCAGA-3'
B-Tubulin for RT-PCR 5'-GCGACCTGCAGCTGGACCGAATCT-3'
B-Tubulin rev RT-PCR 5'-GGGCGAGGGCACCACACTGAAGG-3
Junb for Genotyping PCR 5'-CCCGTCTACACCAACCTCAGCAGT-3'
Junb rev Genotyping PCR  5'-GGGGGCCATGTAAACCT-3'

Col1a2-iCre for
Col1a2-iCre rev

Genotyping PCR
Genotyping PCR

animals were sacrificed. Heart weights were measured, and blood vessels
were prepared and fixed in zinc fixative or snap-frozen for RNA extraction.

Cell cultures. Generation and culture conditions of MEFs, primary mouse
fibroblasts, and END cells have been described previously (20, 45). Murine
VSMCs were isolated from branches of mouse mesenteric or femoral
arteries and cultured in DMEM (Invitrogen) supplemented with 50 U/ml
penicillin, 50 ug/ml streptomycin, and 15% fetal bovine serum. Cell phe-
notype was confirmed by anti-a-SMA immunofluorescence staining. For
all experiments, VSMCs were used at passages 3-4.

VSMCs were cultured on plastic dishes or collagen type I-linked BioFlex
elastomers (Flexcell) following standard protocols or the manufacturer’s
instructions. Application of cyclic stretch (10%, 0.5 Hz) was performed
by using a microprocessor-controlled vacuum pump (FX-3000 FlexerCell
Strain Unit, Flexcell) as previously described (46).

Analysis of retinal vessels. Murine eyes were enucleated and fixed in -20°C
methanol for 30 minutes. Retinas were dissected as previously described
and flattened on slides (47), then incubated in PBS containing 0.5% Triton
X-100 and 10% normal goat serum for 1 hour at room temperature. After
ashort rinse with PBS, retinas were incubated with the primary antibodies
in PBS, 1% BSA, 10% normal goat serum, 0.2% Tween 20 at 4°C overnight.
The following primary antibodies were used: mouse monoclonal anti-
a-SMA-Cy3 (Sigma-Aldrich), Bandeiraea simplicifolia (BSI) lectin-FITC
(1:100, Sigma-Aldrich), rabbit anti-mouse desmin (Abcam), rabbit anti-
mouse NG2 (Chemicon). Retinas were then washed 3 times with PBS
containing 0.2% Tween 20, for 10 minutes each, and incubated with sec-
ondary antibody for 1 hour at room temperature. After another 3 washes,
10 minutes each, retinas were mounted with Dako fluorescent mounting
medium. Retinas were scanned with a Zeiss LSM 710 confocal microscope.
Retinal vessel diameter was directly measured with Zeiss Zen software.

Scratch wounding. Cells (1.5 x 10%) were plated in 6-well dishes and grown
to confluency. The monolayer was wounded by scratching with a pipette
tip and photographed. After 8 hours and 18 hours, the wounded area was
photographed again, and wound closure was determined using the dis-
tance measuring tool of Adobe Photoshop CS software. Cell motility was
estimated as the percentage of the initial wound area (at 0 hours) covered
by the cells at 8 hours and 18 hours after wounding.

Collagen contraction assay. The assay was performed as described previously
(16). Briefly, type I collagen (3 mg/ml, Promocell) and 10x DMEM were com-
2316
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bined at a 10:1 ratio and neutralized by the addition of
0.1 M NaOH. Fibroblasts were added to the hydrated colla-
genin 96 wells ata density of 2.5 x 10° cells/ml and incubated
at 37°C. After 2 hours incubation, gels were gently detached
from the plates, and contraction was monitored over time.
Video microscopy and imaging analyses. Long time-lapse
recordings of MEFs were collected for analysis of motil-
ity and cellular protrusions. Cells were seeded onto 6-well
plates (Nunc) at a confluence of 20%. One day later, long
time-lapse recordings (5-minute intervals) were performed
and results analyzed as described previously (48).
Retroviral gene transfer. The Junb coding sequence was
amplified by PCR and inserted into the pMXpie vector
(20). The Myl9 coding sequence was obtained from a mouse
cDNA library of RZPD (clone no. IRAVp968G0295D6) and
cloned into the pMXpie vector. Junb-deficient MEFs were
transduced with retroviral vectors as described (49, 50).
RT-PCR and qRT-PCR or qPCR analysis. Total RNA was
isolated from MEFs, VSMCs, or END cells using peqGold
RNApure reagent (Peqlab) according to the instructions
of the manufacturer. RNA was reverse transcribed using
iScript cDNA synthesis kit (Bio-Rad). Quantitative analy-
ses of ethidium bromide gel images (gel documentation system, Peqlab) were
performed by use of Java-based Image] 1.42 open source software (http://
rsb.info.nih.gov/ij/download/). For primer sequences to amplify -tubulin,
Hprt, and Myl9 cDNA, refer to Table 1. qRT-PCR/qPCR was performed in
a LightCycler (Roche Diagnostics) using the QuantiTect SYBR Green real-
time RT-PCR kit (QIAGEN) according to the manufacturer’s instructions.
Fluorescence was monitored (excitation at 470 nm and emission at 530 nm)
at the end of the annealing phase (LightCycler F1 channel). Amplification
of the 60S ribosomal protein L32 (RPL32) served as an internal standard.
Primer sequences used for PCR amplification are listed in Table 1.
Immunoblot analysis. Whole cell extracts or nuclear extracts were pre-
pared as described (45). Protein (50 ug) was separated by SDS-PAGE
and transferred onto nitrocellulose membrane, and immunodetection
was performed using an enhanced chemiluminescence system (Perkin-
Elmer). Densitometric analyses of scanned X-ray films were performed
by use of Java-based Image] 1.42 open source software. Antibodies used
were anti-Junb (1:500, N17, Santa Cruz Biotechnology Inc.), anti-RCC1
(1:500; BD Biosciences), anti-Hsc70 (1:10,000, Stressgene), anti-f-actin
(1:1,000, Santa Cruz Biotechnology Inc.), anti-phospho-MLC-2-519
(1:1,000, Cell Signaling Technology), anti-MLC-2 (1:1,000, Cell Sig-
naling Technology), anti-FAK (1:1,000, Cell Signaling Technology),
anti-phospho-FAK-Y397 (1:1,000, Biosource), and anti-phospho-FAK-
YS576/577 (1:1,000, Cell Signaling Technology).
Immunofluorescence staining. Cells were seeded on gelatin-coated (1%,
2 hours, 37°C, Merck) glass coverslips. Cells were fixed in 4% formal-
dehyde, permeabilized in 0.2% Triton X-100, and blocked in 3% BSA.
Cells were incubated at room temperature with primary antibody for
1-2 hours or with phalloidin conjugated with Alexa Fluor 488 dye for
30 minutes. After washing, cells were incubated with secondary anti-
body and Hoechst 33342 dye for 1 hour and mounted with Mowiol (Cal-
biochem). A BZ-8000K fluorescence microscope with integrated CCD
camera (Keyence) equipped with Plan Apo objectives (Nikon) was used:
20x/0.75 NA, 60x/1.4 NA oil. Images were captured and processed using
a BZ-Analyzer (Keyence) and Adobe Photoshop CS software. Quantifica-
tion of data was done using Java-based Image]J 1.42 open source software.
Antibodies used were anti-paxillin (1:200, BD Biosciences), anti-phos-
pho-MLC-2-S19 (1:50, Cell Signaling Technology), goat anti-rat-Alexa
Fluor 488 (Molecular Probes), goat anti-rabbit-Cy3 (Dianova), and goat
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anti-mouse-Cy3 (Dianova). To stain F-actin, Alexa Fluor 488-conjugated
phalloidin (Invitrogen) was used at a 1:100 dilution. Deparaffinized sec-
tions of arteries were blocked for 30 minutes at room temperature with
1% BSA in 50 mM Tris-HCI pH 7.6, incubated overnight at 4°C with pri-
mary antibodies diluted in blocking solution, washed 3 times with TBST,
incubated with secondary antibodies diluted in blocking solution for
1 hour in the dark, washed 3 times with TBST, incubated for 10 minutes
with Hoechst 33342 dye, and finally mounted with ProLong Antifade
(Invitrogen). Antibodies used were rat anti-CD31 (clone MEC 13.3, Santa
Cruz Biotechnology Inc., 1:25); rabbit anti-a-SMA, rabbit anti-PCNA,
and rat anti-calponin (all Abcam, 1:400); rat anti-desmin (Dianova,
1:250); and donkey anti-rat-Cy2 and donkey anti-rabbit-Cy3 (both
Dianova, 1:25). Images were taken using an Olympus CKX41 confocal
microscope with a UPlanSApo x40/0.90 objective. Images were acquired
with an Olympus DSU camera and processed by cellR software.

ChIP assay. A ChIP kit (Millipore) was used according to the manufacturer’s
instructions as described previously (20). Antibodies used were Junb (c11,
Santa Cruz Biotechnology Inc.) and rabbit IgG (Santa Cruz Biotechnology
Inc.). qPCR is described above. For primer sequences, refer to Table 1.

Cyclic stretch analysis and perfusion of isolated mouse arteries. The experiment
was performed as previously described (51). In brief, animals were sacri-
ficed, and second-order branches of the mesenteric artery were extracted
and inserted into the chamber of the culture myograph system (DMT). The
arteries were continuously perfused with DMEM medium (Invitrogen) con-
taining 15% FCS at increasing intravascular pressure levels or with Tyrode’s
buffer at a constant longitudinal pressure gradient of 20 mmHg with a flow
of approximately 0.07 ml/min and stimulated or not with acetylcholine and
norepinephrine (Sigma-Aldrich) at the following concentrations: 108 M,
107 M, 10° M, and 10-5 M. For de-endothelialization, mesenteric artery
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preparations were perfused for 10 minutes with CO,-independent medium
(Invitrogen). De-endothelialization was verified by immunofluorescence
double staining for CD31 and a-SMA of paraffin-embedded vessel after
perfusion and by acetylcholine-induced dilation of the norepinephrine-
preconstricted arteries. The pressure response or the active relaxation/
contraction of the blood vessel was determined by measuring the vessel
diameter using VediView software (DMT).

Statistics. SD or SEM is indicated by error bars. Unpaired 2-tailed # tests were
performed using GraphPad software. For multiple comparisons, the Bonfer-
roni multiple comparisons test (GraphPad Software Inc., InStat version 3.06
[2003]) was applied. A Pvalue less than 0.05 was considered significant.
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