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JNK2-MMP-9 axis facilitates
the progression of intracranial
aneurysms
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Intracranial aneurysm (lA) can cause subarachnoid hemorrhage or some other hemorrhagic stroke
after rupture. Because of the poor outcome in spite of the intensive medical care after the onset of
hemorrhage, the development of a novel therapeutic strategy like medical therapy to prevent the
progression of the disease becomes a social need. As the reduction of arterial stiffness due to the
degeneration of the extracellular matrix via Matrix Metalloproteinases (MMPs) becomes one of the
central machineries leading to the progression of IAs through a series of studies, factors regulating
the expression or the activity of MMPs could be a therapeutic target. In the present study, specimens
from human IA lesions and the animal model of 1As were used to examine the expression of c-Jun
N-terminal kinase (JNK) which might exacerbate expressions of MMPs in the lesions to weaken arterial
walls resulting in the progression of the disease. In some human IA lesions examined, the expression
of p-JNK, the activated form of JNK, could be detected mostly in the medial smooth muscle cells. In

IA lesions induced in rats, the activation of JNK was induced during the progression of the disease and
accompanied with the activation of downstream transcriptional factor c-Jun and importantly with

the expression of MMP-2 or -9. The genetic deletion of Jnk2, not Jnk1, in mice significantly prevented
the incidence of |As with the suppression of the expression of MMP-2 or MMP-9. These results
combined together have suggested the crucial role of JNK in the progression of I1As through regulating
the expression of MMPs. The results from the present study provides the novel insights about the
pathogenesis of IA progression and also about the therapeutic target.

The outcome of subarachnoid hemorrhage (SAH) mainly due to rupture of intracranial aneurysm (IA) is still
poor despite of the technical advancement in medical treatment and the intensive care'™*. Considering such a
poor outcome of SAH once after the onset, the development of the novel therapeutic strategy to prevent the initia-
tion, the progression and the rupture of IAs is socially demanded. For this purpose, the machineries regulating
the pathogenesis of IAs should be clarified to identify a therapeutic target.

As the degenerative changes of vascular walls, i.e. most typically the loss of extracellular matrix (ECM) in
arterial walls, becomes the histopathological feature of IA lesions>®, the machineries regulating the degenerative
changes of ECM presumably function in situ and could be a therapeutic target. Previous studies using human
specimens from cases with IAs or animal model of IAs have highlighted the role of chronic inflammation in
the pathogenesis of IAs’%. In the process leading to the formation and the enlargement of IAs in inflammatory
microenvironment of the disease, the crucial contribution of matrix metalloproteinases (MMPs), especially
MMP-2 and MMP-9, to the degenerative changes of affected vascular walls in the lesions has been clarified'*'>.
However, the precise molecular mechanisms regulating the degenerative changes of vascular walls during the
development of IAs remain to be elucidated.

Previous experimental studies about abdominal aortic aneurysm (AAA) have demonstrated the crucial role
of JNK signaling in the progression of the disease!®. The activation of JNK assessed by the phosphorylation of
this kinase was detected in Western blot analyses using the lysates from AAA lesions compared with ones from
controls'®. Also, the expression of the phosphorylated form of JNK was well co-localized with that of MMP-9 in
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immunohistochemistry '°. In cultured vascular smooth muscle cells, macrophages or ex vivo culture from human

lesions, the proteinase activity of MMP-2 or MMP-9 was detected in gelatin zymography, which was significantly
suppressed by the specific inhibitor for JNK, SP600125, or by the genetic deletion of JNK2'6, suggesting the role
of JNK signaling in the activation of MMPs. In animal AAA models induced by CaCl,, the pharmacological
inhibition of JNK suppressed not only the incidence or the enlargement of the lesions but also regressed the
lesions once induced through suppressing tissue destruction via the activity of MMPs and also facilitating the tis-
sue repair via lysyl oxidase or prolyl 4-hydroxylase'®. In other study using RNAi to knock down JNK expression,
RNAi-induced knock down of JNK significantly suppressed the expression of Lysyl oxidase in cultured vascular
smooth muscle cells and consistently prevented the degenerative change of the elastic lamina in AAA model of
rats'’, supporting the role of JNK signaling in tissue repair. Above previous studies have suggested the role of
JNK signaling during the development of vascular disease through regulating tissue destruction.

In IAs, the previous study using human specimens has demonstrated the activation of JNK in vascular smooth
muscle cells in the lesions through immunohistochemistry for the phosphorylation of JNK and its downstream
factor, the phosphorylated form of c-Jun'®, indicating the role of JNK signaling in the pathogenesis of IAs as
in AAA. However, whether JNK signaling indeed mediates the pathogenesis of IAs through regulating tissue
destruction remains to be elucidated.

Materials and methods

Study approval

The use of human samples in the present research was approved by the local ethical committee at Kyoto Uni-
versity Graduate School of Medicine (#R0456) and at National Cerebral and Cardiovascular Center (#M29-050,
#R20126, #R20126-1, #20126-2, #20126-3, #20126-4) where samples were analyzed and Tokyo Women’s Medical
University Yachiyo Medical Center (#4106) where samples were prepared with written informed consent from
each case. All of the experiments using human specimens was performed in accordance with the Declaration of
Helsinki and the relevant guidelines/regulations.

All of the following experiments using animals, including animal care and use, complied with the National
Institute of Health’s Guide for the Care and Use of Laboratory Animals (ARRIVE guidelines (https://arriveguid
elines.org)), and all experiments were performed in accordance with relevant guidelines and regulations. All of
the experiments using animals were approved by the Institutional Animal Care and Use Committee of Kyoto Uni-
versity Graduate School of Medicine (Approval Number #050172), National Cerebral and Cardiovascular Center
(Approval Number #19036, #20003, #21004, #22012), and Jikei University School of Medicine (Approval Num-
ber #2023-004). Also, all experiments about recombinant DNA experiment were approved by the Institutional
Biosafety Committee of Kyoto University Graduate School of Medicine (Approval Number #MedKyo006516).

Human specimen and immunohistochemistry
Human IA samples were dissected during microsurgical clipping of unruptured IAs with the written informed
consent. Dissected specimen was fixed in formalin solution and embedded in paraffin. 4-um thick slices were
then prepared for immunohistochemical analysis. After de-paraffinization and blocking with 3% donkey serum
(#AB_2337258, Jackson ImmunoResearch, West Grove, PA), slices were incubated with primary antibodies
followed by incubation with secondary antibodies conjugated with fluorescence dye. Finally, fluorescent images
were acquired on a confocal fluorescence microscope system (LSM880, Carl Zeiss, Oberkochen, Germany).

Primary antibodies used were as follows; mouse monoclonal anti-smooth muscle a-actin antibody (clone
1A4, #14-9760-82, Thermo Fisher Scientific, Waltham, MA), rabbit monoclonal anti-p-APK/JNK (T183/Y185)
antibody (#4668S, Cell Signaling Technology, Danvers, MA).

Secondary antibodies used were as follows; Alexa Fluor 488-conjugated donkey anti-mouse IgG H&L anti-
body (#A21202, Thermo Fisher Scientific), Alexa Fluor 647-conjugated donkey anti-rabbit IgG H&L antibody
(#A31573, Thermo Fisher Scientific).

Rodent IA models and histological analysis of induced IA lesions

7 week-old male Sprague — Dawley rats were purchased from Japan SLC (Shizuoka, Japan). Mice deficient in Jnk1
(B6.129S1-Mapk8tm1Flv/]) or Jnk2 (B6.129-Mapk9tm1.1Rjd/]) were purchased from The Jackson Laboratory
(Bar Harbor, Maine, ME) and backcrossed with C57BL/6NCrSlc (Japan SLC, Shizuoka, Japan). Animals were
maintained on a light/dark cycle of 12 h/12 h, and had a free access to chow and water.

To induce IA, under general anesthesia by the intraperitoneal injection of pentobarbital sodium (50 mg/kg,
Somnopentyl, Kyoritsu Seiyaku Corporation, Tokyo, Japan) and/or the inhalation of Isoflurane (induction; 5.0%,
maintenance; 1.5 ~2.0%, #IYESC-0001, Pfizer Inc., New York, NY), 7-week-old male rats or mice were subjected
to ligation of the left carotid artery and systemic hypertension, achieved by the combination of a high salt diet
and ligation of the left renal artery.

Immediately after surgical manipulations, animals were fed the food containing 8% sodium chloride and
0.12% 3-aminopropionitrile (#A0408, Tokyo Chemical Industry, Tokyo, Japan), an inhibitor of lysyl oxidase
that catalyzes the cross-linking of collagen and elastin. At one or three in rats and five months in mice after the
surgical manipulation, systolic blood pressure was measured by a tail-cuff method. Animals were then deeply
anesthetized by intraperitoneal injection of the lethal dose of pentobarbital sodium (200 mg/kg, Somnopentyl,
Kyoritsu Seiyaku Corporation) or the inhalation of Isoflurane (5.0%, #IYESC-0001, Pfizer Inc.), and transcardially
perfused with 4% paraformaldehyde solution. The bifurcation site of anterior cerebral artery—olfactory artery
including the induced IA lesion was stripped, and serial frozen sections were then made.
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Immunohistochemistry of IA lesions induced in animals

5-um-thick frozen sections were prepared from dissected IA lesions. After blocking with 3% donkey serum
(#AB_2337258, Jackson ImmunoResearch), slices were incubated with primary antibodies followed by incuba-
tion with secondary antibodies conjugated with a fluorescence dye. Finally, fluorescent images were acquired on
a fluorescence microscope system (BX51N-34-FL-1, Olympus).

Primary antibodies used were as follows; rabbit polyclonal anti-pJNK antibody (#9251, Cell Signaling), rab-
bit polyclonal anti-JNK1 antibody (#sc-571, Santa Cruz Biotechnology, Dallas, Texas), rabbit polyclonal anti-
phosphorylated c-Jun antibody (#9261, Cell Signaling), rabbit polyclonal phosphorylated ATF-2 antibody (#9221,
Cell Signaling), rabbit polyclonal anti-MMP-2 antibody (#sc-10736, Santa Cruz Biotechnology), goat polyclonal
anti-MMP-9 antibody (#sc-6840, Santa Cruz Biotechnology), mouse monoclonal anti-smooth muscle a-actin
antibody (clone 1A4, #14-9760-82, Thermo Fisher Scientific).

Secondary antibodies used were as follows; Alexa Fluor 488-conjugated donkey anti-rabbit IgG H&L antibody
(#A21206, Thermo Fisher Scientific), Alexa Fluor 488-conjugated donkey anti-goat IgG H&L antibody (#A11055,
Thermo Fisher Scientific), Alexa Fluor 594-conjugated donkey anti-mouse IgG H&L antibody (#A21203, Thermo
Fisher Scientific), Alexa Fluor 594-conjugated donkey anti-rabbit IgG H&L antibody (#A21207, Thermo Fisher
Scientific), and Alexa Fluor 594-conjugated donkey anti-goat IgG H&L antibody (#A11058, Thermo Fisher
Scientific).

Western blot analysis
Whole cell lysate from the ring of Willis was prepared by a RIPA buffer (#R0278, Sigma-Aldrich, St. Louis, MI)
supplemented with proteinase and phosphatase inhibitors (#04693159001 and #4906837001, Roche Diagnos-
tics, Basel, Switherland). Protein concentration was, then, determined by a Bicinchoninic Acid (BCA) method
(#23227, Pierce BCA Protein Assay Kit, Thermo Scientific). After SDS-PAGE (Sodium dodecyl sulfate- Poly-
Acrylamide Gel Electrophoresis), separated proteins were blotted to a PDVF membrane (Hybond-P, #10600058,
GE healthcare, Buckinghamshire, UK) and blocked with an ECL plus blocking agent (#RPN2125, GE healthcare).
The membranes were then incubated with primary antibodies followed by incubation with an anti-IgG antibody
conjugated by horseradish peroxidase (anti-mouse IgG, #NA931V; anti-rabbit IgG, #NA934V, GE healthcare).
Finally, the signal was detected by a chemiluminescent reagent (ECL Prime Western Blotting Detection System,
#RPN2236, GE healthcare). a-Tubulin was served as an internal control.

Primary antibodies used in Western Blot analysis were as follows; rabbit polyclonal anti-pJNK antibody
(#9251, Cell Signaling), rabbit polyclonal anti-JNK1 antibody (#sc-571, Santa Cruz Biotechnology), and mouse
monoclonal anti-a-tubulin antibody (clone DM1A, #T6199, Sigma-Aldrich).

Gelatin zymography

Total protein from the whole Willis ring was purified by a Bio-Plex Cell Lysis Kit (Bio-Rad, Hercules, CA) accord-
ing to the manufacturer’s directions. One hundred micrograms of protein was used in each reaction. Gelatin
zymography was performed using a Gelatin Zymo-Electrophoresis Kit (Primary Cell, Sapporo, Japan) according
to the manufacturer’s directions.

Statistics

Data are shown as mean +s.e.m. Differences between the 2 groups were examined using the non-parametric
Mann-Whitney test. Statistical comparisons between more than 2 groups were conducted using the Kruskal-Wal-
lis test followed by the Steel test, or the Steel-Dwass test. The incidence of IAs among groups was examined by
the Fisher’s Exact Test. A p value smaller than 0.05 was defined as statistically significant. Statistical analyses
were performed with JMP software (version 8.0, SAS Institute, Cary, NC).

Results

The activation of JNK in human IA lesions

We first examined whether JNK was phosphorylated and activated in human IA lesions in immunohistochemistry
by using specimens harvested from human cases with unruptured IAs (Fig. 1A). We stained slices from total 6
cases and among them the positive signals for the phosphorylated form of JNK reflecting the activation of this
factor could be observed in all slices to a certain extent (Fig. 1A). The signals for the phosphorylated form of
JNK was well co-localized with those for nuclei (Fig. 1A), suggesting the nuclear translocation of activated JNK.
Here, because antibodies specifically recognize each isoform of JNK, JNK1 and JNK2, were not available, whether
only a specific isoform is activated or not could not be clarified. Most of the cells positive for the phosphorylated
form of JNK was also positive for the smooth muscle cell marker, SMA, in immunohistochemistry (Fig. 1B),
suggesting the activation of JNK mostly in medial smooth muscle cells in IA lesions.

The activation of JNK signaling cascade in IA lesions of rats

To corroborate the precise contribution of JNK signaling cascade to the pathogenesis of IAs, the animal models
previously established”!*?° were used. Whether the activation of JNK in IA lesion could be observed was exam-
ined in immunohistochemistry to confirm the reproducibility of the findings in human specimens (Fig. 1). Asa
result, the expression of the phosphorylated form of Jnk in the lesions was indeed reproduced and confirmed to
be induced, as expected, at one or three months after the experimental induction of IA lesions in rats'® (Fig. 2A).
The activation of Jnk, evidenced by the increase in the phosphorylation of this kinase, was also supported by
western blot analyses (Fig. 2B and C, Sup. Fig. 1A). In addition, most of the signals for the phosphorylated form
of Jnk was also positive for the smooth muscle cell marker, SMA, in immunohistochemistry (Fig. 2D), confirm-
ing the activation of JNK in medial smooth muscle cells of the lesions as in human.
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Figure 1. Expression of the phosphorylated form of JNK in human intracranial aneurysm lesions. Expression
of the phosphorylated form of JNK (p-JNK) mostly in medial smooth muscle cells of intracranial aneurysm (IA)
lesions from 6 cases (from #1 to #6). IA lesions were harvested and then subjected to immunohistochemical
analyses. The images of immunofluorescent staining of IA lesions for p-JNK (red in (A) and (B)), the marker for
smooth muscle cells, a-smooth muscle actin (SMA in (B), green), nuclear staining by DAPI (blue), and merged
images are shown. The magnified image corresponding to the white square is shown on the right. Scale bar:

10 ym.

Referencing the potential of JNK to the induction of MMPs, whether JNK signaling cascade was indeed
driven in IA lesions to facilitate MMP expression was then examined in immunohistochemistry. In IA lesions,
most of the signals for the phosphorylated form of Jnk was also positive for ones reflecting the activation of the
downstream transcription factor, c-Jun or Atf, in immunohistochemistry (Fig. 3A and B), confirming the acti-
vation of downstream signaling cascade of JNK in the lesions. Importantly, the signals for the phosphorylated
form of Jnk was also positive for tissue destructive MMPs, Mmp-2 or Mmp-9 (Fig. 3C and D), as hypothesized.

The contribution of JNK2 to the induction or the enlargement of 1As
To clarify the involvement of JNK function in the pathogenesis of IAs, mice deficient in each isoform of JNK
were used and subjected to the animal model of IAs**. The deletion of both Jnk1 and Jnk2 in mice could sup-
press the incidence and the size of IAs (Fig. 4A-C). However, the suppressive effect of the deletion of only Jnk2,
not Jnkl, on both the incidence and the enlargement of the lesions reached the pre-configured statistical sig-
nificance (Fig. 4A-C) without influencing the systemic blood pressure (Fig. 4D), supporting the predominant
role of JNK2 signaling in IA pathogenesis. In mice deficient in Jnk2, the expressions of both Mmp-2 and Mmp-9
were remarkably suppressed (Fig. 5A), indicating the Jnk-dependent induction of MMPs. Consistently, genetic
deletion of Jnk2 in mice suppressed the activity of MMP-9 in gelatin zymography which examines the activity
of MMP-2 or -9 (Fig. 5B, Sup. Fig. 1B).

These results combined together have suggested the role of JNK2 signaling cascade in the induction or the
enlargement of IAs through regulating MMP expression.

Discussion

Through a series of studies about the contribution of JNK to diseases, JNK signaling might contribute to vari-
ous vascular diseases as one of the common disease-regulating cascades. In addition to IAs and AAA'®?"%, the
involvement of JNK signaling in the pathogenesis of Kawasaki disease has also been demonstrated®. In Candida
albicans-induced mouse model of Kawasaki disease, the activation of JNK visualized by the immunohistochem-
istry for the phosphorylated form of JNK was remarkably induced in vascular smooth muscle cells present in the
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Figure 2. Activation of Jnk in intracranial aneurysm lesions induced in rats. Expression of the phosphorylated
form of Jnk (p-Jnk) mainly in medial smooth muscle cells of intracranial aneurysm (IA) lesions induced in
rats. At 1 (1M) or 3 (3M) months after the induction in rats, IA lesions were harvested and then subjected to
immunohistochemical analyses. The images of immunofluorescent staining of IA lesions for total Jnk (red in
(A)), p-Jnk (green in (A) and (D)), the marker for smooth muscle cells, a-smooth muscle actin (SMA in (D),
red), and merged images are shown. Scale bar: 50 um. The representative images of western blot analyses and
the results from densitometry analyses are shown in (B and C). Bars in C represent mean *s.e.m. Statistical
comparison was done by the Kruskal-Wallis test.

lesions affecting aorta?’. The pharmacological inhibition of JNK by the specific inhibitor, SP6000125, significantly
suppressed the incidence of the disease and also the size of the lesions once induced?, again suggesting the crucial
role of JNK signaling in vascular diseases. Considered with the similar pathological feature of IAs, AAA and
Kawasaki disease; destructive remodeling of affected arterial walls, JNK expressed mainly at vascular smooth
muscle cells functions to facilitate the initiation or the progression of these diseases through the degeneration
of ECM and resultant weakness of arterial walls at least partially via MMP induction. In this sense, JNK itself or
a factor to activate or mediate JNK signaling cascade could be a therapeutic target for various vascular diseases
including IAs with destructive remodeling.

In diseases other than vascular diseases discussed in the above section, the central role of JNK cascade in
the pathogenesis and also the potential of JNK inhibitors as a therapeutic drug to a disease have also been dem-
onstrated. These diseases include a wide range of diseases like cancers, metabolic diseases, neurodegenerative
diseases or infectious diseases**~>2. Thereby, the findings from the present study and studies targeting various
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Figure 3. Co-expression of the phosphorylated form of Jnk and downstream factors in intracranial aneurysm
lesions induced in rats. Co-expression of the phosphorylated form of Jnk (p-Jnk) and downstream factors
mostly in intracranial aneurysm (IA) lesions induced in rats. IA lesions were harvested at 3 months after the
induction in rats and then subjected to immunohistochemical analyses. The images of immunofluorescent
staining of IA lesions for p-Jnk (green), the phosphorylated form of c-Jun (red in (A)), the phosphorylated form
of Atf (red in (B)), Mmp-2 (red in (C)), Mmp-9 (red in (D)), and merged images are shown. Scale bar: 50 pum.

* indicates lumen.

disease could each other contribute to the understanding of the pathogenesis and to the development of thera-
peutic drugs.

JNK consists of three isoforms, JNK1, JNK2 and JNK3*. Among them, JNK3 differently behaves and has a
unique function from two other isoforms presumably because of its relatively specific expression pattern in tissues
like brain. Instead, both JNK1 and JNK2 can ubiquitously be detected in various tissues and also phosphorylate
same downstream factors like c-Jun upon activation. JNK1 and JNK2 is, thus, considered to redundantly func-
tion and to be able to compensate each other. However, the experimental studies using some disease models and
applying the genetic deletion of JukI or Juk2 to animals has consistently revealed the distinct contribution of these
two isoforms to the pathogenesis'®*. In the present study, the genetic deletion of Jnk2, not of Juk1, predomi-
nantly suppressed the incidence of IAs as in other studies, again supporting the functional diversities between
JNK1 and JNK2. The precise mechanisms why these two isoforms differently behave in microenvironment of
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Figure 4. Contribution of JNK to the induction or the enlargement of intracranial aneurysm lesions in mice.
Suppressive effect of the genetic deletion of Jnk1 and Jnk2 on the incidence of intracranial aneurysm (IA)
lesions or the size of induced lesions in mice. Wild type mice, ones deficient in JukI or Juk2 was subjected

to IA induction and the incidence of IAs or the size of induced lesions was histopathologically assessed after
Elastica van Gieson staining. Number of animals used is shown in the parenthesis. Statistical analyses was done
by using the Fisher’s Exact test in (A) or the Kruskal-Wallis Test in (B). *p <0.05. The representative images

of histopathological analyses are shown in (C). Arrow heads in (C) indicate the border of IA lesion. Scale bar:
50 um. Systolic blood pressure was measured by tail-cuff method before sacrifice and its value is shown in (D).
Bars indicate mean +/- s.e.m.
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Figure 5. JNK2-dependent expression and activation of Mmp-9 in intracranial aneurysm lesions in mice.
Suppressive effect of the genetic deletion of Jnk2 on the expression of Mmp-2 or Mmp-9 in intracranial
aneurysm (IA) lesions induced in mice (A). The slices from IA lesion induced in wild type mice or ones
deficient in Juk2 was subjected to immunohistochemical analyses. The images of immunofluorescent staining
of IA lesions for Mmp-2 or Mmp-9 are shown. Scale bar: 50 um. The representative images from 3 independent
experiments by the gelatin zymography to examine the influence of the genetic deletion of Jnk2 in the activity of
Mmp-2 or -9 are also shown in (B). * indicates lumen.

diseases in spite of the ubiquitous and the similar expression pattern, however, remains to be elucidated. Also,
the development and the usage of potent and highly-selective isotype-specific inhibitors of JNK, not non-specific
JNK inhibitors, is ideal.

Data availability
All of the data in the present study is available from the corresponding author upon reasonable request.
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