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Raf-1/MEK1/Sp-1 Signaling Along with Altered eNOS

Activities
Ping Yang,**

Cong-Yi Wang*'*

Yawen Zhang,* Junfeng Pang,’ Shu Zhang,*" Qilin Yu,*" Long He,* Kay-Uwe Wagner,¥ Zhiguang Zhou,** and

From the Center for Biomedical Research* and the Key Laboratory of Organ Transplantation,T Tongji Hospital, Tongji Medical College, Huazhong University of
Science and Technology, Wuhan, China; the Center for Biotechnology and Genomic Medicine,* Department of Pathology, Georgia Health Sciences University,
Augusta, Georgia; the Department of Medicine,® Metabolic Disease Hospital, Tianjin Medical University, Tianjin, China; the Eppley Institute for Research in
Cancer and Allied Diseases,¥ University of Nebraska Medical Center, Omaha, Nebraska; and the Key Laboratory of Diabetes Immunology,** Ministry of
Education, and the Diabetes Center,! Institute of Metabolism and Endocrinology, Second Xiangya Hospital, Central South University, Changsha, China

Accepted for publication
April 8, 2013.

Address correspondence to
Cong-Yi Wang, M.D., Ph.D., the
Center for Biomedical Research,
Tongji Hospital, Tongji Medical
College, Huazhong University of
Science and Technology, 1095
Jiefang, Ave. Wuhan, 430030,
China; or Zhiguang Zhou, M.D.,
Ph.D., Diabetes Center, Second
Xiangya Hospital, and Key
Laboratory of Diabetes Immu-
nology, Central South University,
Changsha, Hunan 410011,
China. E-mail: cwang@gru.edu
or zhouzg @hotmail.com.

A number of inhibitors have been used to dissect the functional relevance of Jak2 in endothelial
homeostasis, with disparate results. Given that Jak2 deficiency leads to embryonic lethality, the exact
role of Jak2 in the regulation of postnatal endothelial function is yet to be fully elucidated. We
generated a model in which Jak2 deficiency can be induced by tamoxifen in adult mice. Loss of Jak2
significantly impaired endothelium-dependent response capacity for vasodilators. Matrigel plug assays
indicated a notable decrease in endothelial angiogenic function in Jak2-deficient mice. Studies in
a hindlimb ischemic model indicated that Jak2 activity is likely to be a prerequisite for prompt perfusion
recovery, based on the concordance of temporal changes in Jak2 expression during the course of
ischemic injury and perfusion recovery. A remarkable delay in perfusion recovery, along with reduced
capillary and arteriole formation, was observed in Jak2-deficient mice. Antibody array studies indicated
that loss of Jak2 led to repressed eNOS expression. In mechanistic studies, Jak2 deficiency attenuated
Raf-1/MEK1 signaling, which then reduced activity of Sp-1, an essential transcription factor responsible
for eNOS expression. These data are important not only for understanding the exact role that Jak2 plays
in endothelial homeostasis, but also for assessing Jak2-based therapeutic strategies in a variety of
clinical settings. (Am J Pathol 2013, 183: 617—625; http://dx.doi.org/10.1016/j.ajpath.2013.04.007)

Endothelial cells (ECs) constitute the inner cellular lining of
blood vessels and contribute importantly to vascular homeo-
stasis in many pathophysiological settings, including vascular
smooth muscle cell (VSMC) growth, vascular tone balance,
and chronic inflammation.! Moreover, appropriate endothelial
function and angiogenesis are also critical in maintaining
homeostasis of the body. For example, abnormal angiogenesis
plays an essential role in tumor formation, progression, and
metastasis,” * and suppression of angiogenesis is considered
an effective approach for cancer therapy.”~’ In contrast,
endothelial dysfunction and undermined vascular angiogenesis
predispose to development of coronary artery disease, hyper-
tension, stroke, and impaired post-traumatic recovery.®” Given
that endothelial dysfunction is a common feature relevant to
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diverse cardiovascular disorders, ECs have received attention
as a target or potential target to reverse these pathological
processes.' !

Janus kinase 2 (Jak2) is one of four nonreceptor tyrosine
kinases identified in mammals.'?~"* It is a critical component
of signal pathways implicated in cell growth, survival,

proliferation, differentiation, and apoptosis.'>'® In particular,
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constitutive Jak2 expression has been detected in ECs, and
Jak2 is thus implicated in homeostatic regulation of endo-
thelial function. Indeed, previous studies revealed that
abnormal Jak2 activation caused by hyperglycemia is detri-
mental to endothelial function,'” and Jak?2 is indispensable for
angiotensin IT—induced hypertension.'®'? Although these
discoveries are important, details of the underlying mecha-
nism are largely unclear. Jak2 deficiency leads to embryonic
lethality, but the exact role of Jak2 in regulation of postnatal
endothelial function is yet to be fully elucidated. To address
this issue, we generated an inducible Jak2 knockout mouse
model in a B6 background by crossing Jak2™" mice with Cre-
ERT?2 transgenic mice, in which Jak2 deficiency can be
induced in adult mice. Loss of Jak2 significantly impaired
endothelial response capacity for vasodilators. Interestingly,
a decrease in endothelial angiogenic function was observed
and, as a result, mice deficient in Jak2 exhibited a significant
delay in perfusion recovery after hindlimb ischemic injury,
compared with control mice. These findings contribute
toward a fuller understanding of the exact role of Jak2 in
regulation of endothelial homeostasis, and could also provide
additional information for assessing Jak2-based therapeutic
strategies in different clinical settings.

Materials and Methods

Animals

Jak2™" mice (H-2b) have been described previously.*® These
mice were backcrossed with Cre-ERT2 transgenic mice
under the control of human ubiquitin C promoter to generate
Cre"-Jak2™ mice.' The mice were housed in the specific
pathogen—free animal facility of Georgia Regents University
in microisolator cages supplied with autoclaved food and
acidified water with a 12/12-hour light/dark cycle. All animal
procedures were performed in accordance with the NIH
Guide for the Care and Use of Laboratory Animals, 8th
edition (2011) and were approved by the Georgia Regents
University Institutional Animal Care and Use Committee.

Induction of Jak2 Deficiency

Male Cre™*-Jak2™ mice were intraperitoneally injected
with 25 mg/kg tamoxifen for five consecutive days at 8
weeks of age. Tamoxifen was freshly dissolved in corn oil
before injection. Cre™ " -Jak2™" littermates injected with an
equal volume of corn oil alone served as controls. Mice
were sacrificed at 2 days after the last injection.

Vascular Isometric Tension Assay

After euthanasia, the thoracic aorta was removed and the
surrounding fat tissue was cleaned in Krebs solution (115
mmol/L. NaCl, 4.6 mmol/L. KCI, 1.2 mmol/LL KH,PO,, 1.2
mmol/L MgSO,, 2.5 mmol/L CaCl,, 25 mmol/LL. NaHCO;,
11.1 mmol/L glucose, and 0.02 mmol/L EDTA; pH 7.4). Aorta
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segments (approximately 2 mm long) were mounted onto
a four-channel tissue bath myograph system (Catamount
Research and Development, St. Albans, VT) for isometric
tension recording after equilibrating in Krebs solution for
approximately 1 hour and were gassed with 5% CO, and 95%
0,. To test relaxation of arteries precontracted with 10> mol/L
phenylephrine, 120 mmol/L. KCI and 10™° to 10~ mol/L
phenylephrine were used as vasoconstrictors and 10~ to 10>
mol/L acetylcholine and 10™° to 10~ mol/L sodium nitro-
prusside were used as vasodilators; 1 0~*mol/L of the L-arginine
competitor L-nitroarginine-methylester (L-NAME) was used to
inhibit endogenous endothelial nitric oxide synthase (eNOS)
activity. Dose—response curves were generated cumulatively.

Matrigel Plug Assay

Jak2-deficient and control mice were injected subcutane-
ously on both sides of the back, each side with 0.5 mL ice-
cold 1:2 diluted Matrigel (BD Biosciences, San Jose, CA)
containing 200 ng/mL vascular endothelial growth factor
(VEGF) (R&D Systems, Minneapolis, MN) and 60 U/mL
heparin (Sigma-Aldrich, St. Louis, MO). One week later,
the mice were sacrificed using CO, and the gel plugs were
harvested. Part of the plugs was subjected to immuno-
staining of CD31 expression; the remainder was weighed,
minced into small pieces, and immersed in 500 pL distilled
water at 4°C overnight. The amount of hemoglobin in the
plugs was determined using Drabkin reagent (Sigma-
Aldrich) according to the manufacturer’s instruction.

Immunostaining of Plug or Tissue Sections

Sections (10 pum thick) prepared from Matrigel plugs or
ischemic tissues were used for immunostaining with rat anti-
mouse CD31 antibody (BD Pharmingen, San Diego, CA) to
detect endothelial cells, followed by staining with a Texas
Red—conjugated goat anti-rat IgG (Santa Cruz Biotech-
nology, Santa Cruz, CA). Nuclei were stained blue with 0.2
png/mL DAPI. Four mice were analyzed for each study group.

Hindlimb Ischemic Model and Assessments

Unilateral hindlimb surgery was performed as reported
previously.”> Hindlimb blood flow in mice subjected to
hindlimb ischemia was measured with a PIM 3 scanning laser
Doppler blood perfusion imaging system (Perimed, Stock-
holm, Sweden). Animals were anesthetized and maintained
at 37°C on a heating plate, to minimize temperature variation.
Laser Doppler blood flow analyses were performed on legs
and feet before surgery and on days 0, 2, 4, 12, and 16 after
surgery. Blood flow images of hindlimbs were then acquired
(three images per animal). Blood flow data were expressed as
change in laser frequency, represented by pixel color. Mean
hindlimb blood flow was calculated as the ratio of blood flow
on the ischemic side to blood flow on the nonischemic side.
Six mice were analyzed in each group.

ajp.amjpathol.org m The American Journal of Pathology


http://ajp.amjpathol.org

Jak2 and MEK1 in Endothelial Function

Antibody Array, Immunoprecipitation, and Western
Blot Analysis

Antibody array detection was performed using a kit from
Spring Bioscience (Pleasanton, CA) according to the manu-
facturer’s instructions. Aorta lysates (100 pg protein) derived
from wild-type or Jak2™~’~ mice were labeled with biotin
using an antibody array detection kit (AMD-001) and then
conjugated to the master antibody array (AMS-700), both
from Spring Bioscience. Cy3-streptavidin was used to detect
the bound proteins. Signals were scanned with a Typhoon
9400 scanner and data were collected and analyzed using the
associated ImageQuant software version 7.0 (GE Healthcare
Biosciences, Piscataway, NIJ). Differentially expressed
proteins were then confirmed by Western blotting as
described previously.”® For immunoprecipitation, an Sp-1
antibody (5 pg/mL; Upstate; EMD Millipore, Billerica,
MA) was added into the precleared lysates for 1 hour at 4°C,
followed by incubation with 50 pL/mL protein A/G Plus
agarose beads (Sigma-Aldrich) overnight at 4°C. The result-
ing precipitates were washed five times with 1 mL of ice-cold
PBS and then were eluted from the agarose beads by boiling
for 5 minutes in SDS sample buffer. The resulting products
were then analyzed by Western blotting. The Jak2 antibody
was obtained from EMD Millipore (Billerica, MA), and
antibodies for MEK1, p-MEK1, AKT, p-AKT, ERK1/2, p-
ERK1/2; p38 and p-p38 were obtained from Cell Signaling
Technology (Danvers, MA); antibodies against total and
phosphorylated eNOS and Raf-1 proteins and against
a-tubulin were obtained from Santa Cruz Biotechnology.

Electrophoretic Mobility Shift Assay

Nuclear proteins were extracted from porcine aortic endo-
thelial cells (PAECs) after treatment with 10 U/mL tumor
necrosis factor o (TNF-a) (Roche Diagnostics, Indianapolis,
IN), along with 50 umol/L of the MEK1 inhibitor PD98059
(Calbiochem, San Diego, CA) or control vehicle for 8 hours or
treatment with 0.5 pmol/L of the Jak2 inhibitor AZD1480
(ChemieTek, Indianapolis, IN) for 12 hours using a NE-PER
nuclear and cytoplasmic extraction kit (Thermo Scientific,
Pittsburgh, PA). Electrophoretic mobility shift assay (EMSA)
was performed using a Pierce LightShift chemiluminescent
EMSA kit (Thermo Fisher Scientific, Rockford, IL) as
previously reported.”> A biotin-labeled eNOS promoter
probe, 5'-ATTGTGTATGGGATAGGGGCGGGGCGAG-3’
(GenScript, Piscataway, NJ) was used.

Statistical Analysis

Data are expressed as means == SEM. Constriction responses
are expressed as the maximum response produced by the
individual compounds. Concentration—response curves were
fitted using a nonlinear interactive fitting program (GraphPad
Prism software version 5.0; GraphPad Software, San Diego,
CA), and statistical analyses of the data were performed

The American Journal of Pathology m ajp.amjpathol.org

using Student’s #-test. For blood flow imaging data, repeated-
measures analysis of variance was used. A three-way
repeated-measures analysis of variance was used to analyze
the differences in blood flow between Jak2-deficient and control
mice. P < 0.05 was considered statistically significant.

Results

Loss of Jak2 Impairs Endothelium-Dependent
Response to Vasodilators

Cre™"-Jak2™ mice were generated by breeding Jak2™" mice
with Cre-ERT2 transgenic mice as described above. To induce
Jak2 deficiency, 8—week-old male Cre™"-Jak2™" mice were
intraperitoneally injected with 25 mg/kg tamoxifen for five
consecutive days. Male littermates administered with only the
comn-oil carrier solution were used as controls. To confirm
Jak2 deficiency, the mice were sacrificed 2 days after the last
injection, and aorta lysates were prepared for Western blot
analysis. High levels of Jak2 were detected in corn oil—injected
mice, whereas Jak2 was absent in tamoxifen-induced mice
(Figure 1A), indicating that tamoxifen efficiently induced Jak2
deficiency in Cre™"-Jak2™ mice. To further confirm that Jak2
down-regulation after tamoxifen induction is equal and complete
in all vascular cell types (in the present study, ECs and VSMCs),
we performed immunostaining of aortic sections. Steady levels
of Jak2 expression were detected in ECs and VSMCs of mice
injected with corn oil alone (controls) (Figure 1B), whereas Jak2
was nearly absent in ECs and VSMC:s of aortic sections derived
from tamoxifen-induced mice (Figure 1C).

To address the effect of Jak2 deficiency on endothelial
function, we first examined endothelial response capacity for
vasoconstrictors and vasodilators. To this end, the mice were
sacrificed after day 2 of tamoxifen induction, and aorta segments
were prepared for contractility assays as described above. No
significant difference was observed between Jak2-deficient and
control mice for contractility induced by either 120 mmol/L KCl1
(Figure 2A) or 1 x 107" to 1 x 10™> mol/L phenylephrine
(Figure 2B). However, Jak2-deficient mice exhibited signifi-
cantly impaired relaxation in response to 1 x 10 to 1 x 10>
mol/L acetylcholine and, in contrast, a maximum relaxation was
achieved in littermate controls (Figure 2C). Importantly, after
blockade of endogenous endothelium-derived nitric oxide (NO)
by administration of 1 x 10~* mol/L L-NAME, both Jak2-
deficient and control mice exhibited similar capacity in
response to 1 x 107" to 1 x 107° mol/L sodium nitro-
prusside—induced relaxation (Figure 2D), indicating that the
reduced relaxation capacity in Jak2-deficient mice was caused
by the impaired endogenous NO production from ECs. Taken
together, these data demonstrate that loss of Jak2 attenuates
endothelium-dependent response capacity for vasodilators.

Jak2 Is Essential for Endothelial Angiogenesis

We next addressed the effect of Jak2 deficiency on endo-
thelial angiogenesis, using a Matrigel plug assay. At day 2
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Figure 1

Tamoxifen efficiently induced Jak2 down-regulation in blood vessels. A: Western blot analysis demonstrates Jak2 deficiency in aortic lysates after

tamoxifen induction in Cre™-Jak2¥" mice. B and C: Jak2 immunostaining of aortic section from representative control (B) and tamoxifen-induced (C) mice. Steady
levels of Jak2 were detected in all control mice examined, but Jak2 was nearly absent in all tamoxifen-induced mice. Importantly, tamoxifen-induced Jak2 down-
regulation was equal and complete across vascular cell types. Selected ECs and VSMCs are indicated by arrows. Original magnification, x400. n = 4 mice per group.

after the last tamoxifen induction, the mice were anes-
thetized and subcutaneously injected with 0.5 mL ice-cold
Matrigel (BD Biosciences) on each side of the back; the gel
plugs were removed at 1 week after injection. A robust
angiogenic response was seen in the Matrigel plugs derived
from control mice, whereas a significantly lower amount of
neovessels inside the Matrigel plugs was observed in Jak2-
deficient mice, as assessed by intact red blood cell content
(Figure 3A). Hemoglobin assay confirmed that hemoglobin
content in the gel plugs originated from littermate controls
was 3.3-fold higher than that from Jak2-deficient mice
(0.99 £+ 0.23 pg/mg gel versus 0.23 £ 0.1 pg/mg gel,
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Figure 2  Loss of Jak2 impairs endothelial response capacity for vaso-

dilators. Aortic rings were prepared from both Jak2-deficient and control
mice and then were subjected to isometric contractility assay. A: Vascular
constriction induced by KCL (120 mmol/L). B: Phenylephrine-induced
vascular contractility. C: Endothelium-dependent relaxation induced by
acetylcholine. D: Endothelium-independent relaxation induced by sodium
nitroprusside after blockade of endogenous eNOS by 10™% mol/L L-NAME.
No difference for vascular contractile activity was observed between Jak2-
deficient and control mice, but Jak2-deficient mice exhibited a significantly
impaired endothelium-dependent relaxation. Data are expressed as means +
SEM. n =4 mice per group. *P < 0.01. ACh, acetylcholine; M, mol/L; PE,
phenylephrine; SNP, sodium nitroprusside.
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respectively; P < 0.001) (Figure 3B). Immunostaining of the
gel plugs revealed that control mice exhibited significantly
greater numbers of CD31" cells (ECs) and of tubular-like
structures, compared with Jak2-deficient mice (Figure 3C).
Taken together, these data support the notion that loss of Jak2
impairs endothelium-dependent angiogenesis.

Jak2 Deficiency Attenuates Perfusion Recovery after
Hindlimb Ischemic Injury

Next, a hindlimb ischemia model was used to assess perfu-
sion recovery, to further confirm the above ex vivo findings.
We first examined Jak2 temporal changes in expression in
control mice during the course of ischemic injury and
perfusion recovery by Western blot analysis (Figure 4A).
Interestingly, a significant reduction in Jak2 expression was
observed on day 1 after ischemic surgery; however, a steady
increase for Jak2 expression was observed from day 2 after
the surgery, and the highest level was observed on day 7.
After day 7, Jak2 exhibited a steady decrease and returned to
a level similar to the physiological condition at day 0, before
ischemic surgery (Figure 4B). This concordance of Jak2 up-
regulation along with ischemic injury and Jak2 down-
regulation along with perfusion recovery indicates that Jak2
may play a pivotal role in perfusion recovery after an
ischemic attack.

To address this possibility, unilateral hindlimb ischemia
was induced in both Jak2-deficient mice and littermate
controls. All mice survived the surgical procedure, and
blood flow in ischemic (left side) and nonischemic (right
side) limbs was monitored using a laser Doppler imaging
system as described above (Figure 5A). Blood flow in the
ischemic hindlimbs was completely undetectable in both
Jak2-deficient and control mice immediately after femoral
artery excision. Interestingly, littermate controls exhibited
possible evidence of blood flow restoration on day 4 after
ischemic surgery, and distinctive restoration of blood flow
(30.8%) was detected on day 8. On average, perfusion
recovery reached approximately 53.8% on day 12 and was
nearly complete on day 16 (74.4%) in all control mice

ajp.amjpathol.org m The American Journal of Pathology


http://ajp.amjpathol.org

Jak2 and MEK]1 in Endothelial Function

1.4 1

Control

1.2 1

0.8

0.6 -

0.4

Hemoglobin/Plug
(ng/mg)

0.2 1

CD31 DAPI

Control

Jak2-/-

—50um

analyzed (Figure 5B). In sharp contrast, no detectable blood
flow restoration was observed in Jak2-deficient mice until
day 8 (11.9%), and blood flow was restored to only
approximately 29.2% and 39.7% at days 12 and 16 after
ischemic surgery, respectively (Figure 5B).

To further confirm these findings, we determined the
differences in neovascularization by examining capillary
(CD317 cells) and arteriole (a-actin™ cells) formation. The
number of CD317" cells (ECs) (Figure 5C) and a-actin®
cells (smooth muscle cells) (Figure 5D) were significantly
higher in the ischemic sections of control mice than in those
of Jak2-deficient mice. Taken together, these data suggest
that Jak2 deficiency impairs endothelium-dependent neo-
vascularization and thereby delays blood flow perfusion
recovery after an ischemic attack.

Jak2 Deficiency Reduces eNOS Expression and Activity

To dissect the underlying mechanisms by which Jak2 defi-
ciency impairs endothelial function, we performed antibody
array analysis using antibodies against signaling molecules
essential for endothelial function. Remarkably, a significant
reduction in eNOS expression was observed in Jak2-
deficient mice, compared with controls. There was also
evidence suggesting potential reduction in AKT, p38, and
ERK1/2 levels in Jak2-deficient mice. Western blot analysis
of aortic lysates was used to confirm these data. Consistent
with the antibody array results, total eNOS expression
was significantly lower in Jak2-deficient mice than in
controls. We then examined eNOS activity by analysis of
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Figure 3  Mice deficient in Jak2 exhibit
reduced capacity for endothelial angiogenesis, as
demonstrated by Matrigel plug assays. A: Repre-
sentative images of gel plugs. B: Hemoglobin
content of gel plugs derived from Jak2-deficient
and control mice. C: Representative microscopic
images of sections from gel plugs. The sections
were stained with an antibody against CD31 (a
marker for ECs) as an indicator of vascular neo-
genesis, and DAPI was used to stain cell nuclei.
Matrigel plugs were collected from mice at 1 week
after injection. Data are expressed as means +
SEM. n = 5 mice per group.

Jak2-/-

the phosphorylated form of eNOS. As expected, moderate
levels of p-eNOS was consistently detected in control mice,
but p-eNOS was nearly undetectable in Jak2-deficient mice
(Figure 6A). However, Western blot analysis failed to detect
changes for both total and phosphorylated AKT (Figure 6B),
ERK1/2 (Figure 6C), and p38 (data not shown).

To exclude the possibility that the reduced eNOS
expression observed in Jak2 ™'~ mice was actually a conse-
quence of altered endothelial integrity, we further examined
the differences in ECs by Western blot analysis of CD31
expression in aortic lysates. We failed to detect any differ-
ence in CD31 expression between Jak2 "~ and control mice
(Figure 6D), suggesting that altered eNOS expression is
probably directly caused by Jak2 deficiency. Overall, these
results suggest that loss of Jak2 represses eNOS expression,
and that this effect is likely independent of AKT, ERK1/2,
and p38 signaling.

A

Days after ischemic insult
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y 1 4 7 10 14
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I'

Figure 4 Jak2 undergoes a temporal change in expression after
ischemic insult. A: Representative Western blots show temporal change in
Jak2 expression after ischemic surgery. B: Relative Jak2 expression at each
time point examined, normalized by a-tubulin. Data are expressed as means +
SEM. n = 5 mice per group.
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Jak2 deficiency attenuates blood flow perfusion recovery after hindlimb ischemic surgery. A: Representative images collected by a laser Doppler

imaging system during the course of restoration of blood flow after hindlimb ischemic surgery. Blood flow was measured using a laser Doppler imaging system
and is expressed as change in laser frequency (indicated by pixel color). B: Average blood flow at each time point for all mice examined. Mean hindlimb blood
flow was calculated as the ratio of ischemic (left side) to nonischemic (right side) blood flow. C: Jak2-deficient mice exhibited significantly impaired capillary
formation at day 7 of ischemic injury, compared with that of controls. The amount of ECs (CD317) in hindlimb sections served as an indicator of capillary
formation. D: Arteriole formation at day 7 of ischemic injury. The amount of smooth muscle cells (a-actin™) in hindlimb sections served as an indicator of
arteriole formation. n = 4 mice per group. *P < 0.01. Original magnification, x200 (C and D).

Loss of Jak2 Attenuates Sp-1 Activity and Thereby
Represses eNOS Expression

These findings prompted us to examine the transcriptional
activity of Sp-1, which is an essential transcription factor
responsible for eNOS expression by binding to the GC box
in the proximal eNOS promoter. Pooled aorta lysates orig-
inated from Jak2-deficient and control mice were subjected
to immunoprecipitation with an Sp-1 antibody as described
above, and the resulting products were analyzed by Western
blot analysis for total and serine/threonine phosphorylated
Sp-1 (p-Sp-1). Notably, loss of Jak2 led to at least a twofold
decrease for the activated form of Sp-1 (ie, p-Sp-1), whereas
total Sp-1 levels remained unchanged (Figure 7A). To
further confirm this finding, we treated PAECs with 0.50
pmol/L. AZD1480, a Jak2 inhibitor, and nuclear lysates
were then prepared for EMSA to assess the capacity of Sp-1
for binding to the eNOS promoter. The AZD1480 treatment
reduced Sp-1 DNA binding activity by nearly fourfold
(Figure 7B). Taken together, these data suggest that Jak2
deficiency attenuates endothelial Sp-1 transcriptional activity,
which then represses eNOS expression.>*
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Jak2 Deficiency Impairs Raf-1/MEK1 Signaling and
Thereby Suppresses Sp-1 Activity

To dissect the mechanisms underlying Jak2 regulation of
Sp-1 transcriptional activity, we analyzed all kinase
signaling molecules downstream of Jak2 but upstream of
Sp-1. Notably, loss of Jak2 significantly attenuated tyrosine
phosphorylation (at 340 and 341) of Raf-1 (Figure 7C),
a serine/threonine kinase that transmits signals essential for
cell growth and proliferation.’® Consistent with this finding,
activation of the direct downstream target MEK1?’ was
significantly affected, as indicated by at least a twofold
reduction in p-MEKI1 in Jak2-deficient mice, compared with
control mice (Figure 7D). Given the essential role of MEK1
in Sp-1 activation observed in hepatocytes,”® we assumed
that Jak2 deficiency impairs Raf-1/MEKI1 signaling, which
then attenuates Sp-1 activation and thereby represses eNOS
expression in ECs. To test this assumption, we analyzed Sp-
1 transcriptional activity in PAECs after treatment with
TNF-o along with the MEK1 inhibitor PD98059. As ex-
pected, inhibition of MEK1 activity significantly attenuated
TNF-a—induced Sp-1 phosphorylation (Figure 7E) and also
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Figure 6 Jak2 deficiency leads to significant reduction in eNOS
expression. Western blot analysis was used to confirm the data obtained
from antibody array analysis using aortic lysates between corn oil—injected
mice (Control) and tamoxifen-induced mice (Jak2~). A: eNOS and p-eNOS
expression. B: AKT and p-AKT expression. C: ERK1/2 and p-ERK1/2
expression. D: (D31 expression. Jak2 deficiency significantly impaired
expression of both eNOS and p-eNOS, but it did not cause any distinctive
change in expression of AKT or p-AKT, nor of ERK1/2 or p-ERK1/2. Of note,
there was no perceptible difference for CD31 expression between control
and Jak2™~ mice, suggesting that the reduction of eNOS expression in
Jak2™~ mice was not a consequence of altered endothelial integrity.
Aortic lysates pooled from two mice were used for the analysis, and three
pools were analyzed for each study group.

reduced DNA binding activity to the eNOS promoter
(Figure 7F). Taken together, these data suggest that the
reduced eNOS expression observed in Jak2-deficient mice
was likely caused by the impaired Raf-1/MEK1 signaling
and the resulting attenuated Sp-1 transcriptional activity.

Discussion

The Janus kinase family (JAKSs) consists of four nonreceptor
tyrosine kinases: JAK1, JAK2, JAK3, and TYK2. All of
them share a similar structure composed of a kinase domain,
a regulatory pseudo-kinase domain, an SH2 domain, and
a FERM domain. Gene-targeted studies have demonstrated
essential, nonredundant functions for all JAKs, and there-
fore, they have emerged as critical molecules in mammalian
development, physiology, and disease. Mice deficient in
Jakl develop early postnatal lethality due to neurological
deficits, whereas loss of Jak3 predisposes to the develop-
ment of severe combined immunodeficiency, and Tyk2
deficiency is associated with parasite infection and resis-
tance to lipopolysaccharide.” In contrast, Jak2 deficiency is
embryonic lethal, and therefore most Jak2-related studies
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have been conducted with chemical inhibitors.'* Thus, the
exact role of Jak2, and particularly the role of Jak2 in
regulation of postnatal endothelial function, is yet to be fully
elucidated.

In the present study, we generated an inducible model in
which Jak2 deficiency can be induced by tamoxifen in adult
mice (Figure 1). Our focus was on the role of Jak2 in the
pathogenesis of endothelial dysfunction, a condition asso-
ciated with cardiovascular disorders in a variety of clinical
settings. We first observed that mice deficient in Jak2
exhibited a significantly impaired response capacity for
vasodilators such as acetylcholine (Figure 2C), although
their response to vasoconstrictors remained the same
(Figure 2, A and B), suggesting that Jak2 activity might be
essential for the homeostasis of endothelial function. This
observation seemingly conflicts with previous findings of
enhanced Jak2 activity associated with endothelial dysfunc-
tion in the settings of diabetic complications'’ and angiotensin

A Sp-1 Control B Biotin-labeled Unlabeled
antibody 19G probe probe
p-Sp1 =TT
Sp1 [ 2
Sp1 1
Control  Jak2-/- AzD1480 + -

C D

p-Raf 1 MEK1
Raf1
a-Tubulin a-Tubulin

Control Jak2-/-

E F

Control Jak2-/-

Biotin-labeled Unlabeled
p-Sp1 probe probe
s _ % [-
PD98059  — + PD98059 + -
Figure 7  Loss of Jak2 attenuates the Raf-1/MEK1/Sp-1 signaling axis

and thereby represses eNOS expression. A: Western blot analysis of
immunoprecipitates revealed that loss of Jak2 repressed Sp-1 transcrip-
tional activity, as indicated by reduced p-Sp-1 levels. B: Inhibition of Jak2
in PAECs resulted in nearly a fourfold reduction in Sp-1 binding to the eNOS
promoter. PAECs were used to confirm the data for Jak2-deficient mice (A).
PAECs were treated with either the Jak2 inhibitor AZD1480 or vehicle, and
nuclear proteins were prepared and subjected to EMSA to assess activity for
Sp-1 binding to eNOS promoter. C: Western blot analysis of Jak2 down-
stream kinases revealed impaired phosphorylation of tyrosines (Tyr340/
341) for Raf-1 after loss of Jak2. D: Activation of MEK1, a serine-threonine
protein kinase downstream of Raf-1, was significantly attenuated in Jak2-
deficient mice, as indicated by reduced levels of p-MEK1. E: Western blot
analysis of TNF-a—induced PAEC lysates along with the MEK1 inhibitor
PD98059 or vehicle treatment. Inhibition of MEK1 activity significantly
repressed TNF-a—induced phosphorylation of Sp-1, as indicated by reduced
p-Sp-1 levels. F: Inhibition of MEK1 activity resulted in a reduced capacity
for Sp-1 binding to eNOS promoter. EMSA was used with nuclear proteins
derived from TNF-a—induced PAECs treated with MEK1 inhibitor or vehicle.
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II—induced hypertension.'®'” The discrepancy is likely due to
the differences between physiological and pathological
settings. We assume that well-tuned Jak?2 activity is required
for endothelial homeostasis, and that loss of Jak2 or sustained
abnormal Jak2 activation (eg, under diabetic conditions)
would predispose to the development of endothelial dys-
function. Another contributing factor to the discrepancy could
be the use of chemical inhibitors, such as AG490, that
nonspecifically target molecules other than Jak2.'* Never-
theless, these discoveries, together with the present data,
support the notion that altered Jak?2 activity is implicated in the
pathogenesis of endothelial dysfunction.

To demonstrate the effect of Jak2 activity on endothelial
angiogenesis, we first used a Matrigel plug assay, with
subcutaneous injection of Matrigel into Jak2-deficient and
control mice. Significantly impaired endothelium-dependent
neovascular formation was observed in Jak2-deficient mice,
compared with that of control mice, as indicated by lower
hemoglobin content (Figure 3, A and B) and fewer CD31™
ECs (Figure 3C) in the gel plugs. To further confirm these
findings, we used a hindlimb ischemia model. It is note-
worthy that Jak2 expression underwent a time-dependent
increase after ischemic surgery, and then gradually
returned to a level similar to that under physiological
conditions (Figure 4), suggesting that higher Jak2 activity is
likely a prerequisite for prompt perfusion recovery. Indeed,
a significant delay in restoration of blood flow was noted in
Jak2-deficient mice after ischemic surgery (Figure 6).
Importantly, unlike the Jak2 overactivation induced in dia-
betes, the increase of Jak2 activity in our ischemia model
was transient, which further supports the hypothesis that
transient increase of Jak2 activity is essential in enhancing
endothelial angiogenesis for perfusion recovery but that
sustained increase of Jak2 activity predisposes to endothelial
dysfunction. As already noted, our focus in the present
study was on demonstrating the immediate effect of Jak2
deficiency on the pathogenesis of endothelial dysfunction.
We therefore did not use animal models with cardiovascular
disorders such as hypertension, because the progression
from endothelial dysfunction to development of hyper-
tension is a chronic and complex process. Nonetheless, in-
creased blood pressure and the resulting effect on blood
flow could indirectly affect angiogenesis and reperfusion
recovery after ischemic injury. Follow-up studies would be
necessary to further address the influence of Jak2 deficiency
on angiogenesis and reperfusion in hypertensive conditions.

To dissect the mechanisms by which loss of Jak2 impairs
endothelial function, we performed antibody array analysis
and identified a distinctive reduction in eNOS expression in
Jak2-deficient mice. Western blot analysis revealed that
both total and phosphorylated eNOS levels were signifi-
cantly lower in Jak2-deficient mice than in littermate
controls (Figure 6A). In contrast to a previous study in
VSMCs, in which blockade of Jak2 by AG490 abolished
angiotensin II—induced ERK1/2 activation,30 the present
study unexpectedly demonstrated that loss of Jak2 did not
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result in any detectable change for either total or phos-
phorylated AKT (Figure 6B), ERK1/2 (Figure 6C), and p38
(data not shown), suggesting that Jak2 regulation of eNOS
expression could be independent of AKT, ERK1/2, and p38
signaling. Again, this discrepant result could be caused by
either the difference of cell type (VSMCs versus ECs) or the
nonspecificity of Jak2 inhibitors.

Because Sp-1 acts as an essential transcription factor
responsible for eNOS expression, we examined Sp-1
expression and its DNA binding activity. Western blot anal-
ysis of immunoprecipitates revealed that Jak2 deficiency
significantly attenuated Sp-1 activation (Figure 7A), and
inhibition of Jak2 activity with AZD1480 in PAECs consis-
tently led to nearly a fourfold reduction in its DNA binding
activity (Figure 7B). Given that loss of Jak2 did not suppress
total Sp-1 protein levels (Figure 7A), we therefore hypothe-
sized that loss of Jak2 represses Sp-1 activity by attenuating
downstream MAPK signaling. Western blot analysis of Jak2
downstream kinases confirmed that Jak2 deficiency signifi-
cantly impaired the phosphorylation of tyrosines (at 340 and
341) in Raf-1 (Figure 6C). Phosphorylation of these two
tyrosine residues has been suggested to be essential for Raf-1
activation.>® We then examined MEK1, a serine-threonine
protein kinase downstream of Raf-1.2% As expected, a signif-
icant reduction in p-MEK1 was noted in Jak2-deficient mice,
compared with that of control littermates (Figure 7D).
Although previous studies in MCF7 breast cancer cells
demonstrated that MEK 1 directly regulates Sp-1 activity,*
whether MEK1 regulates Sp-1 activity in ECs is yet to be
ascertained. We therefore treated PAECs with PD98059,
a MEKI1 inhibitor. Similar to the results in MCF7 cells,
inhibition of MEK1 in PAECs attenuated TNF-o.—induced
Sp-1 phosphorylation (Figure 7E) and reduced DNA binding
activity of Sp-1 (Figure 7F). Taken together, these data
provide evidence that loss of Jak2 reduces eNOS expression
via impaired Raf-1/MEKI signaling and attenuated Sp-1
transcriptional activity.

Given that ERK1 and ERK2 are well-recognized down-
stream molecules for Raf-1/MEKI signaling, our mecha-
nistic data are seemingly contradictory, in that reduced
Raf-1/MEKI activity did not result in a perceptible change in
ERK1/2 activity in Jak2 ™"~ mice. Of note, MEK1 has been
recognized as a kinase with dual specificities that phos-
phorylates and activates ERK1/2 by phosphorylation on
threonine and tyrosine,” and one would therefore expect that
reduced MEKI1 activation would impair ERK1/2 activity.
This discrepancy prompted us to recheck our original data by
conducting additional experiments. The fresh results were
consistent with the original data. We then checked the effect
of the MEKI inhibitor PD98059 on ERKI1/2 activity in
PAECs. Unlike the results in Jak2™~ mice, treatment of
PAECs with PD98059 resulted in a significant reduction in
ERK1/2 activity (data not shown). Taken together, these
conflicting results led us to consider that there might be an
unidentified mechanism implicated in the regulation of
ERK1/2 activity in the absence of Jak2. Indeed, several
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reports have consistently demonstrated the existence of
RAF-independent ERK pathways.'* Follow-up studies
focused on dissecting the pathways implicated in the regu-
lation of ERK1/2 activity in the absence of Jak2 would be
important for fully understanding the pathogenic role of Jak2
in endothelial dysfunction.

In summary, we have presented evidence for loss of Jak2
leading to endothelial dysfunction, as indicated by altered
vasodilator response capacity and impaired angiogenic
capacity, along with delayed perfusion recovery after hin-
dlimb ischemic surgery. In mechanistic studies, loss of Jak2
attenuated tyrosine phosphorylation of Raf-1, leading to
reduced MEKI activity, which then hampered Sp-1 activity
and thereby impaired eNOS expression. The present find-
ings not only provide novel information toward a greater
understanding of the role of Jak2 in regulation of postnatal
endothelial function, but might also help in assessing Jak2-
based therapeutic strategies against endothelial dysfunction
in the setting of cardiovascular disorders.
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