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Figure 11.8 Abnormal retinal vascular development marked by excessive
sprouting in MIk2"MIk3" mice

A-C) Representative examples of whole mount retina iB4 immunofluorescence
showing reduced vascular extension in P6 MIk2""MIk3” retinas (B and C)
compared to WT retinas (A).

D-K) Closer examination reveals increased vascular density (D-G and H and J),
increased tip cell numbers (yellow asterisks in H and J) and more filopodia (red
dots in I and K) at the vascular front region of MIk2”"MIk3™ retinas compared to
WT retinas.

L-O) Quantitative analysis of vascularized retinal area (L), vascular density within
angiogenic front regions indicated in E and G (M), tip cell number (N) and
filopodia (O) demonstrates that differences between MIk2”"MIk3™ and control
mice are statistically significant (mean = SEM; n = 5 retinas from 5 mice per
group - multiple confocal images per retina were quantified and averaged).
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Figure 1.9 RNA-Seq analysis of genes differentially regulated between
control and JNK-deficient endothelial cells

A) Heatmap of the 781 differentially expressed genes (FPKM > 2; log, fold
change < -0.5 or = +0.5; q < 0.05) between E*° and control endothelial cells
showing similar numbers of upregulated and downregulated genes in E¥° cells
(mean; n = 3 libraries per group prepared with RNA from 3 independent lung
endothelial cell preparations per group. Each endothelial cell preparation
included lungs from 4 mice).

B) Gene ontology analysis of the group of differentially expressed genes
identifying significant enrichment in genes involved in several biological
processes.

C) Genes related to mitosis/cell division/cell cycle processes that were identified
by the gene ontology analysis are presented as a heatmap. Genes are displayed
with highest upregulation top and highest downregulation bottom.

D) Genes related to vascular development/morphogenesis and function,
including those identified by the gene ontology analysis, were grouped in several
categories and are presented as a heatmap. Genes are displayed with highest
upregulation top and highest downregulation bottom within each category.






131

Figure 11.10 Reduced DIl4 — Notch signaling in the JNK-deficient vascular
endothelium

A) Quantitative RT-PCR analysis of Notch pathway genes revealing reduced
expression in E¥© endothelial cells compared to control cells (mean + SEM; n =
4). Data shown represent one of three independent experiments with similar
results. Each experiment was performed with independent endothelial cell
preparations.

B) Immunofluorescence analysis on endothelial cells showing reduced DIl4
immunostaining in E¥*© cells compared to control cells. Quantification of DIl4
signal intensity demonstrates the difference is statistically significant (mean +
SEM; n = 10 images per group).

C) Endothelial cells were treated with VEGF for 16 hrs. Immunoblot analysis of
cell lysates revealed reduced levels of DIl4 and Notch intracellular domain
(NICD) in lysates from E3*° endothelial cells compared to control cells. Lysates
were also examined with antibodies to JNK and o-Tubulin. Data are
representative of two experiments with independent endothelial cells
preparations.

D) Endothelial cells were treated with bFGF for 4 or 16 hrs. Immunoblot analysis
of cell lysates revealed reduced levels of DIl4 and NICD in lysates from E3°
endothelial cells compared to control cells. Lysates were also examined with
antibodies to phospho-cJun (pSer63), cJun, phospho-JNK (pJNK), JNK, Cdh5
and GAPDH. Data are representative of two experiments with independent
endothelial cell preparations.

E) Confocal immunofluorescence analysis of P6 retina wholemounts
immunostained for DII4 (red), and isolectinB4 (iB4, green) reveals reduced Dll4
signal intensity at the angiogenic vascular front of retinas from E*° mice
compared to retinas from littermate control mice. Hoechst labels cell nuclei.
Quantification of DIl4 signal intensity shows this difference is statistically
significant (mean + SEM; n = 42-44 images per group, retinas from 6 mice per
group were analyzed).
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Figure I1.11 Diagram illustrating the functional importance of collateral
arteries during arterial occlusion, and the collateral artery patterning /
maturation defects and functional impairment in mice with disrupted MLK —
JNK signaling.

MLK-JNK signaling (left) contributes to high DIll4-Notch signaling in endothelial
cells leading to formation of balanced vascular networks and formation of distinct
collateral vessels that interconnect adjacent arteries.

Disrupted MLK-JNK signaling in the vascular endothelium (right) results in
excessive sprouting angiogenesis, leading to hyperbranched vascular networks
and defective formation of collateral arteries, which are smaller, display
excessive branching and altered organization.

In addition to regulating DIl4-Notch signaling, the MLK-JNK pathway may also
contribute to proper vascular morphogenesis and collateral artery formation via
other mechanisms.

Following FAL blood flow (black arrows) through the femoral artery is blocked.
Under these circumstances due to increased proximal and reduced distal
pressure, more blood flow is diverted to the collateral circulation. Existing
collateral arteries in the proximal adductor muscles are capable of restoring a
significant amount of blood flow to the distal limb immediately following occlusion
of the femoral artery. The increased pressure and flow stimulates the remodeling
of existing collateral arteries, which increase in size and restore blood perfusion
to the distal limb, limiting ischemic damage in control mice (left).

The abnormal collateral circulation in the absence of MLK-JNK signaling
prevents sufficient blood flow restoration to distal limb tissues following FAL
resulting in enhanced blood perfusion reduction. The ensuing hypoxia and
ischemia leads to severe necrotic damage to the distal limb (right).
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Supplementary Figure 1.1 Characterization of endothelial JNK-deficient
mice and lung endothelial cells.

A-C) Body mass measurements showing no significant differences between E3<©
and littermate control mice at postnatal day O and 6. Adult endothelial JNK-
deficient mice are slightly smaller than control mice (B), but continue to maintain
their body mass similar to control mice (C), (mean £+ SEM; n = ~8-23).

D) Following two rounds of ICAM2 antibody-conjugated magnetic bead
purification, endothelial cell monolayers show efficient and homogeneous uptake
of Dil-labeled acetylated low density lipoprotein (Dil-Ac-LDL, red). Mouse
embryonic fibroblasts (MEF) show no Dil-Ac-LDL uptake.

E) Flow cytometry analysis confirming that ~99% of cells in endothelial cell
preparations stained for Dil-Ac-LDL.
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Supplementary Figure 1.2 Endothelial JNK-deficient mice have no major
perturbations in the hematopoietic system.

A) Immunoblot analysis demonstrating no major differences in JNK protein
abundance in hematopoietic tissues. The data presented are representative of 2
independent experiments (n=5 mice)

B) Genomic DNA isolated from blood, bone marrow, and lung tissue was
examined by PCR analysis to detect Cre-mediated recombination of the Jnkl
gene (n=3 mice).

C) Complete blood cell analysis showing no significant JNK-dependent
differences in any of the measured indices (mean + SEM; n = 15). RBC, red
blood cells; MCV, mean corpuscular volume; MCH, mean corpuscular
hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDW, red cell
distribution width; MPV, mean platelet volume.

D) Flow cytometry analysis demonstrating no significant differences in the
frequency of myeloid cells (CD11b"), B cells (CD19") and T cells (CD3e") in the
blood of E**© and control mice (mean + SEM: n = ~8-10).

E) Flow cytometry analysis of peripheral blood showing no significant differences
in chimerism at 5 and 20 weeks post-transplantation between mice transplanted
with bone marrow cells from E3° or control mice (mean + SEM; n = ~7-8).
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Supplementary Figure 1.3 Endothelial JNK is dispensable for proliferation,
migration and angiogenic responses in vitro.

A) INK-deficient endothelial cells form tubular networks in matrigel similarly to
control endothelial cells. Images are representative of two experiments
performed in triplicate with independent endothelial cell preparations.

B) Representative maximum projection confocal images of collagen imbedded
aortic ring explants showing similar numbers of VEGF-induced iB4 (green)
positive microvessels sprouting from aortic rings from control and endothelial
JNK-deficient mice. Smooth muscle actin (SMA) immunofluorescence (red)
labels supporting cells. DAPI (blue) labels nuclei. Quantification of microvessel
number per aortic ring demonstrated no significant differences between aortic
rings from control and JNK-deficient mice (mean + SEM; n = ~8-21 rings per
group). Data presented are from one of three experiments with similar results.
Aortas from 2-3 mice per group were used in each experiment.

C and D) Representative confocal images and quantification of the percentage of
endothelial cells incorporating Edu (green, C) following a 6 hour Edu pulse or
staining positive for the proliferation marker Ki-67 (green, D), (mean + SEM; n =
10 images per group). Data presented are from one of three experiments with
similar results. a-Tubulin (red) labels cell bodies. DAPI (blue) labels nuclei.

E) Endothelial monolayers were wounded using a Woundmaker and wound
closure was monitored over time. Representative images showing similar
migratory ability of JNK-deficient endothelial cells. Quantification of wound area
closure over time demonstrated no statistically significant differences between
JNK-deficient and control endothelial cells (mean £ SEM; n = 8). Data presented
are from one of three experiments with similar results.
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Supplementary Figure 1.4 Endothelial JNK is dispensable for in vivo
pathologic angiogenesis.

A and B) Representative examples of iB4 positive laser-induced choroidal
neovascular (CNV) tufts 7 days post-lasering in control and E*° mice (A).
Quantification of CNV size (B) shows no statistically significant differences
between the two groups (mean £ SEM; n = ~32-36 CNV tufts) from 5 mice per

group.

C and D) Images of tumors grown in the flanks of E**° and control mice following
subcutaneous transplantation of congenic B16F10 melanoma cells. (D)
Quantification of tumor weight shows no statistically significant differences
between E*° and control mice (mean + SEM; n = 10 tumors). Data presented
are from one of two experiments with 5 mice per group.

E and F) Examples of CD31 (green) immunofluorescence images of B16F10
melanoma tumor cryosections showing similar vascularization of tumors from
E3© and control mice. Smooth muscle actin (SMA, red) labels supporting cells.
DAPI (blue) labels nuclei. (F) Quantification of vessel number in tumor
cryosections showing no significant differences between tumors from E**° and
control mice (mean £ SEM; n = 5 mice, 5-6 images from tumors from each
mouse were quantified and averaged per mouse).
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Supplementary Figure 1.5 Normal hypoxia responses and VEGF signaling
in JNK-deficient endothelial cells.

A) Endothelial cells incubated overnight in media containing only 1% FBS were
placed under hypoxic (1% O,) conditions for the indicated times and extracts
were examined by immunoblot analysis with antibodies to p-JNK, JNK, p(S63)-
cJun, and a-Tubulin. No change in the phosphorylation of JNK or its substrate
cJun is detected. Anisomycin (Aniso, 1ug/ml) treatment causes robust JNK and
cJun phosphorylation. Data presented are representative of two independent
experiments.

B) Endothelial cells incubated overnight in media containing only 1% FBS were
treated with VEGFa (100 ng/ml, added directly to existing media) for the
indicated times and extracts were examined by immunoblot analysis with
antibodies to p-JNK, JNK, p-ERK, ERK and a-Tubulin. VEGFa treatment leads to
phosphorylation of ERK at 5 minutes, but not JNK. TNF (20 ng/ml) and
Anisomycin (Aniso, 1 pg /ml) treatment leads to JNK phosphorylation. Data
presented are representative of two independent experiments.

C and D) Endothelial cells in media containing only 1% FBS were incubated
under normoxic (21% O,) or hypoxic (1% O,) conditions for 16 hours. The mRNA
expression of the hypoxia responsive genes Vegfa (C) and Slc2al (D) was
examined by quantitative RT-PCR analysis (mean + SEM; n = 4). Data presented
are from one of at least 2 similar experiments with independent endothelial cell
preparations.

E) Endothelial cells incubated overnight in media containing only 1% FBS were
treated with VEGFa (100 ng/ml, added directly to existing media) for 5 minutes
and extracts were examined by immunoblot analysis with antibodies to p-ERK,
ERK, JNK and Tubulin. VEGFa-stimulated ERK phosphorylation was similar in
JNK-deficient and control cells. Data presented are representative of two
experiments with independent endothelial cell preparations.
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Supplementary Figure 11.6 Compound endothelial deficiency of JNK1 plus
JNK2 leads to enhanced blood perfusion blockade in models of arterial
occlusion.

A) Simplified diagram of the medial aspect of the mouse hindlimb skeletal muscle
vasculature indicating the location of the femoral artery ligation site for the
experiment shown in panel B. Unlike experiments described in Figure 1.1, the
ligation site indicated here is proximal to the PCFA.

B) Following ligation of the femoral artery at its origin as shown in panel A,
guantification of limb blood perfusion by laser Doppler imaging shows
significantly enhanced blood perfusion blockade and no recovery 3 days after
ligation in E*° mice (mean + SEM; n = ~7-14).

C) Simplified diagram of the coronary artery circulation indicating the location of
the coronary artery ligation site for the experiment shown in panel D.

D) Following coronary artery ligation as shown in panel C, E**° mice show
significantly decreased survival (n = ~7-10).

E) Following FAL as shown in panel A, laser Doppler quantification of limb blood
perfusion shows no significant differences in blood perfusion blockade and
recovery over 28 days in single Jnk1™ or Jnk2” mice compared to WT mice
(mean £ SEM; n = 5).

F) Following FAL as shown in Figure 1.B, quantification of limb blood perfusion by
laser Doppler imaging shows significantly enhanced blood perfusion blockade
and no recovery 3 days after ligation in E*° mice (mean + SEM; n = 4).
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Supplementary Figure 1.7 JNK deficient mice show no perturbations in
overall cardiovascular function.

A) Analysis of blood pressure and heart rate in WT and single Jnk1” and Jnk2™"
mice showing no statistically significant differences (mean + SEM; n = ~9-15).

B) Analysis of blood pressure and heart rate in E**° and control mice showing no
JNK-dependent statistically significant differences between the groups (mean +
SEM:; n = ~9-15).

C) Echocardiographic analysis of heart function in E¥“° and control mice showing
no statistically significant differences between the groups (mean + SEM; n = ~12-
15).

D) Segments from thoracic aortas from E*° and control mice were mounted on a
myograph and vasocontraction and vasorelaxation in response to increasing
doses of phenylephrine (PE) or acetylcholine (ACH) respectively were recorded.
Contraction in response to PE is expressed as a percentage of maximum aortic
contraction obtained in the presence of K' containing buffer (K-PSS).
Vasorelaxation in response to ACH is expressed as a percentage of maximum
contraction obtained in the presence of 10 pM PE (mean + SEM: n =2 m). Data
presented are from one of two experiments with similar results. Aortas from 2
mice per group were used in each experiment.
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Supplementary Figure [1.8 Gene expression analysis in adductor and calf
muscles of E**° and control mice.

A and B) Tagman gene expression analysis quantitating the mRNA abundance
of the endothelial cell specific marker Pecaml (A) and the macrophage specific
marker Emrl (B) on day 4 post FAL (mean + SEM; n = ~7-8 mice per group).
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Supplementary Figure 11.9 Abnormal retinal vascular development marked
by excessive sprouting in

A-C) Representative examples of whole mount retina iB4 immunofluorescence
showing reduced vascular extension in P6 E*© retinas (B and C) compared to
littermate control retinas (A).

D-K) Closer examination reveals increased vascular density (D-G and H and J),
increased tip cell numbers (yellow asterisks in H and J) and more filopodia (red
dots in | and K) at the vascular front region of E?© retinas compared to littermate
control retinas.

L-O) Quantitative analysis of vascularized retinal area (L), vascular density within
angiogenic front regions indicated in E and G (M), tip cell number (N) and
filopodia (O) demonstrates that differences between E?*° and control mice are
statistically significant (mean =+ SEM; n = ~4-9 retinas from at least 4 mice per
group - multiple confocal images per retina were quantified and averaged).
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Another gene whose expression is increased in JNK-deficient endothelial cells
and may contribute to abnormal vascular morphogenesis in E*° mice is
endothelial cell-specific molecule 1 (Esm1). Esml is a secreted glycoprotein that
binds to fibronectin in the extracellular matrix and can displace fibronectin-bound
VEGF-A165, thus, enhancing regional VEGF-A165 bioavailability.?*®> Increased
Esml expression by JNK-deficient endothelial cells may result in increased
regional VEGF-A165 bioavailability that may mediate excessive sprouting

E3C mice.

angiogenesis and altered vascular morphogeneis in
Other gene expression alterations in JNK-deficient endothelial cells that are
displayed in the heatmap in Figure 11.9D are potentially interesting and open the
door for much future exploration into the mechanism of JINK-mediated regulation

of vascular morphogenesis and native collateral artery formation.

Our study points to an important role for INK-mediated regulation of DIl4 — Notch
signaling and vascular morphogenesis, and identifies a MLK — JNK signaling axis
that is critical for native collateral artery formation. Genetically modified mice with
disruption in this pathway display defective collateral artery patterning and
undergo severe blood perfusion blockade and severe tissue injury following

arterial occlusion (Figure 11.11).
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Endothelial and hematopoietic cells are thought to arise from a common
precursor.®®* Although JNK has major roles in endothelial cell biology and
vascular development, our studies presented in Chapter Ill demonstrate that INK
in hematopoietic cells is dispensable for normal hematopoiesis and HSC self-
renewal. However, JNK in hematopoietic cells may be important in certain
conditions such as in inflammatory responses to infection or during

hematopoietic cell transformation.
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Future Directions

Future research into the role of JNK in the vasculature could include the

following:

A synthetic Jagl peptide has been previously reported to induce DIl4 expression
and Notch signaling resulting in suppression of endothelial cell sprouting

activity.***"1" To test if the decreased DII4 expression in the retinal vasculature

3KO 3KO
E E

of mice is biologically relevant, pups can be treated with Jagl peptide
or a scrambled peptide. Analysis of the retinal vasculature should reveal whether
treatment with Jagl peptide restores DIl4 levels in the vascualture of E*° pups
and whether this normalizes endothelial cell sprouting activity. Suppression of

E*C mice

excessive endothelial cell sprouting by Jagl peptide treatment of
would strongly support the hypothesis that the endothelial cell hypersprouting in
the E3© vasculature is mediated by decreased DIl4-Notch signaling. It is unclear
how Jagl peptide treatment enhances Dll4 levels and Notch signaling. It is
possible that Jagl peptide treatment may not restore DIl4 levels in the E3<°
retinal vasculature. This would indicate that JNK may regulate DIl4 expression

and Notch signaling via mechanism(s) that are distinct from those that mediate

the effects of Jagl peptide treatment.

A detailed analysis of muscle collateral arteries in DIl4*" mice via methods

employed in our study would reveal whether these mice display similar defects to
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those observed in E*© mice. This analysis would clarify the role of DIl4-Notch

signaling in native collateral artery formation.

In addition to perturbations in DIlI4-Notch signaling other mechanisms are likely to
contribute to the vascular defects in JNK-deficient mice. Direct investigation of
the possible role of other genes that were shown to be differentially expressed in
JNK-deficient endothelial cells may reveal additional mechanisms through which
the JNK pathway may contribute to vascular morphogenesis and native collateral

artery formation.

We found that gracilis collateral arteries form in close apposition to peripheral
nerves. These data suggest that factors secreted by peripheral nerves may be
important for formation and maturation of collateral arteries. Investigation of the
role of peripheral nerves in collateral artery formation would, therefore, be an
exciting area for future investigations. It is also possible that the vasculature may
influence peripheral nerve morphogenesis and/or function. Thus the vasculature
and the peripheral nervous system may have important interdependent functions,

and perturbations in either system may lead to defects in both systems.

We found that the JNK pathway plays an essential role in endothelial cells,
however, JNK in hematopoietic or skeletal muscle does not appear to play a role

in vascular development and function as suggested by the absence of defects in
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the response to arterial occlusion in mice that lack JNK in these tissues. We did
not investigate the role of JNK in smooth muscle cells. It is possible that JNK in
smooth muscle cells may be important for vascular development and collateral
artery formation and thus analysis of mice with smooth muscle cell-specific

ablation of JINK may be warranted.

JNK in liver, adipose tissue, pituitary and hematopoietic cells has essential roles
in the metabolic response to high fat diet consumption.'®!63%26227 The
endothelium also participates in metabolic homeostasis.??®%?° Investigation of the
role of endothelial JINK in metabolism may reveal important functions of the JNK

pathway in these cells. We have initiated these studies.

Investigation of the effect of endothelial INK disruption in experimental tumor cell
metastasis models also represents an area of research that deserves further

exploration. We have initiated these studies.

Some E*° and E*° mice display defects in tooth development. We have
initiated studies that indicate that bone development may also be affected.
Investigation of the role of endothelial JNK in bone and tooth development
represents an exciting area of future research particularly because recent studies

have demonstrated an important role for endothelial cells in osteogenesis.?*%23
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Future research into the role of JNK in the hematopoietic system could include

the following:

Although an unlikely scenario, low levels of JNK3 expression in hematopoietic
cells may have compensated for the loss of JNK1 and JNK2 in our mice. We
have not been able to detect Jnk3 expression in bone marrow cells from WT or
hematopoietic cell JNK-deficient mice by quantitative RT-PCR analysis.
Nevertheless, we have now generated mice with hematopoietic cell specific
compound deficiency of JNK1 plus JNK2 plus JNK3. These mice appear
morphologically normal. Future experiments will analyze if hematopoiesis is

perturbed in these mice.

Although we have not found a required role for INK in normal hematopoietic cell
development and bone marrow cell function in transplantation assays, assessing
the role of compound ablation of JNK genes in hematopoietic cell transformation
induced by BCR-ABL, Pten deletion or other methods may reveal if the JNK
pathway is important during hematopoietic cell transformation. We have

lLoxP/LoxPJ n k2LoxP/LoxP PtenLoxP/LoxP

generated Vavl-Cre Jnk and have initiated their

analysis.

Assessing the role of compound ablation of JNK genes in infection or
autoinflammatory disease models may also potentially reveal a role for JNK in

these processes.
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