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GENETICS

Ponatinib (AP24534) inhibits MEKK3-KLF signaling and
prevents formation and progression of cerebral
cavernous malformations

Jaesung P. Choi‘, Rui Wangz, Xi Yangz, Xian Wang’, Lu Wang3, Ka Ka Ting4,
Matthew Foley’, Victoria Cogger®, Zhuo Yang’, Feng Liu?, Zhiming Han?,
Renjing Liu®, Jonathan Baell®, Xiangjian Zheng'?*

Cerebral cavernous malformation (CCM) is a common cerebrovascular disease that can occur sporadically or be in-
herited. They are major causes of stroke, cerebral hemorrhage, and neurological deficits in the younger population.
Loss-of-function mutations in three genes, CCM1, CCM2, and CCM3, have been identified as the cause of human CCMs.
Currently, no drug is available to treat CCM disease. Hyperactive mitogen-activated protein kinase kinase Kinase 3 (MIEKK3)
kinase signaling as a consequence of loss of CCM genes is an underlying cause of CCM lesion development. Using a
U.S.Food and Drug Administration-approved kinase inhibitor library combined with virtual modeling and biochemical
and cellular assays, we have identified a clinically approved small compound, ponatinib, that is capable of inhibiting
MEKKS3 activity and normalizing expression of downstream kruppel-like factor (KLF) target genes. Treatment with
this compound in neonatal mouse models of CCM can prevent the formation of new CCM lesions and reduce the
growth of already formed lesions. At the ultracellular level, ponatinib can normalize the flattening and disorganization
of the endothelium caused by CCM deficiency. Collectively, our study demonstrates ponatinib as a novel compound
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that may prevent CCM initiation and progression in mouse models through inhibition of MEKK3-KLF signaling.

INTRODUCTION
Cerebral cavernous malformations (CCMs) are common vascular
malformations in the brain, with a prevalence of ~0.5% in the human
population (1, 2). CCMs manifest as clusters of thin-walled dilated
vessels in the venous vascular beds of the central nervous system.
CCM lesions can lead to hemorrhagic rupture that cause stroke, or
their growth places pressure on the surrounding neuronal tissues and
result in neurological deficits. Currently, there is no available drug
treatment for CCM disease, and high-risk surgical resection remains
the only option for patients with this life-threatening condition.
Loss-of-function mutations in one of three genes, CCM1 (also
known as KRIT1), CCM2, and CCM3 (also known as PDCD10), cause
human familial CCM (2). CCM genes encode nonhomologous cyto-
plasmic proteins, forming a single signaling complex (3-5). Recent
studies reveal that this CCM protein complex acts as a suppressor of
the MEKK3 [also known as MAP3K3 (mitogen-activated protein
kinase kinase kinase 3)] kinase cascade. Deletions of CCM genes
lead to activation of the MEKK3 kinase cascade and increased ex-
pression of downstream targets such as KLF2/4 and Adamts4/5 (6, 7).
Through developmental studies using mouse and zebrafish models, we
have previously found a novel CCM-MEKK3-KLF-Adamts signaling
axis in endothelial cells that controls cardiovascular development (7).
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Further studies in mouse models of CCM diseases confirmed that
this signaling pathway is conserved in CCM pathogenesis. Genetic
ablation of MEKK3-KLF signaling can prevent CCM lesion forma-
tion in mouse models (6, 8). These results suggest that pharmaco-
logical inhibition of the MEKK3-KLF signaling pathway may be a
promising approach to treat CCM disease.

In this study, we have identified ponatinib (AP24534), a U.S.
Food and Drug Administration (FDA)-approved kinase inhibitor
currently used to treat cancer, as an effective inhibitor of MEKK3-
KLF signaling. Ponatinib can prevent CCM lesion initiation and
progression in mouse models of CCM.

RESULTS

Ponatinib directly inhibits MEKK3 kinase activity

Loss of CCM genes increases the expression KLF2/4 and their target
genes as a result of increased MEKK3 activity (6, 7, 9, 10). This sug-
gests that hyperactive MEKK3 is a key component in the pathway
leading to CCM lesion development. MEKK3 belongs to the Map3k
family and shares the highest similarity with MEKK2 [94% conser-
vation in their catalytic domains (11)]. Both are MAPK kinases that
activate the extracellular signal-regulated kinase 5 (ERK5) pathway
by phosphorylating and activating the MAPK kinase MEK5 (12, 13).
Compounds that can inhibit MEKK2 at the nanomolar scale have
recently been reported (14, 15).

To test whether these inhibitors can also repress MEKK3 kinase
activity, we performed compound-protein modeling based on their
identified crystal structures, as well as in vitro kinase assays using
purified MEKK3 and its interacting partner and kinase substrate,
MEKS5. Ponatinib is a type II kinase inhibitor that binds kinases in
their ASP-Phe-Gly (DFG)-out conformation (16). On the basis of the
previously solved crystal structures of the ponatinib—fibroblast growth
factor receptor 4 (FGFR4) complex (17), the ponatinib-Abl complex (16),
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and a structurally solved DFG-out kinase P21-activated kinase 1 (PAK1)
(18), which is highly homologous to the MEKK3 kinase domain,
computer modeling revealed that ponatinib can bind to the MEKK3
kinase domain in the adenosine 5'-triphosphate (ATP) binding
pocket with hydrogen bonds and n-n interaction (Fig. 1, A to C,
and figs. S1 and S2).

Our immunoprecipitation studies confirmed direct interaction
between MEKK3 and MEKS5 (Fig. 1D). Deletion of the N-terminal
11-amino acids (MEKK3-AN11) or kinase-dead MEKK3 (MEKK3-KD)
had no effect on MEKK3-MEKG5 binding. In contrast, deletion of MEKK3’s
N-terminal 66 amino acids (MEKK3-AN66) completely abolished the
MEKK3-MEKS5 interaction. These results agree with previous reports
that binding between MEKK3 and MEKS5 is dependent on interactions
between their respective PB-1 domains (Fig. 1D) (12). To determine
whether ponatinib inhibits MEKK3 kinase activity by inhibiting MEK5
phosphorylation, we performed in vitro kinase assays using purified
flag-MEKK3 and glutathione S-transferase (GST)-MEK5. Addition of
ATP (1 mM) was able to increase p-MEKS5 levels, while treatment with
ponatinib dose-dependently reduced this increase in MEKS5 phosphoryl-
ation. Notably, ponatinib treatment (500 nM) decreased p-MEK5
levels to baseline, similar to that in the reaction with the kinase-dead
mutant of MEKK3 (flag-MEKK3-K391A) (Fig. 1E). These results in-
dicate that ponatinib can directly inhibit MEKK3 kinase activity,
as reflected by the inhibition of MEK5 phosphorylation.

Ponatinib inhibits MEKK3 signaling activation conferred by
CCM deficiency

Loss of CCM genes in endothelial cells lead to CCM formation
through elevated MEKK3 signaling (7). Whether ponatinib can res-
cue the CCM phenotype by inhibiting aberrant MEKK3 signaling is
currently unknown. We knocked down CCM1 in human umbilical

vein endothelial cells (HUVEC:s) using small interfering RNA (siRNA)
(fig. S3A), and in agreement with our published data, loss of CCM1
increased the expression levels of MEKK3 downstream targets (Fig. 2,
A to F) (7). Ponatinib had no effect on KLF2, eNOS, and ADAMTS]1
expression levels in HUVECs transfected with an siRNA control (Scr),
while high concentrations of ponatinib decreased AQP1, ADAMTS4,
and ADAMTSY levels compared with vehicle (Fig. 2, A to F). Pona-
tinib treatment was able to reduce the elevated expression of these
genes in HUVECs transfected with si-CCM1 to similar levels of the
siRNA controls (Fig. 2, A to F). Western blots further confirmed the
normalization of KLF2, eNOS, ADAMTSI, and ADAMTS4 expres-
sions in si-CCMI1-HUVECs following ponatinib treatment (Fig. 2,
G and H). Elevated MEKK3 signaling leads to increased phospho-
rylation of MEKS5 that, in turn, results in hyperphosphorylation of ERK5
(12). Phosphorylated and total ERK5 levels were up-regulated in the
si-CCM1-HUVECs compared with those in si-Scr controls, and this
increase in expression was reduced to baseline levels following pona-
tinib treatment (Fig. 2I). p38 MAPK is another downstream target of
MEKK3 (19); however, ponatinib had no effect on p38 MAPK phos-
phorylation or expression (fig. S3B). These results indicate that pona-
tinib is a potent inhibitor of MEKK3 signaling in endothelial cells
and acts to block overactive MEKK3-induced downstream signaling.
Ponatinib is an FDA-approved compound, designed to target
BCR-ABL tyrosine kinase to treat acute myeloid leukemia (20). A
recent report also identified ponatinib as an inhibitor of MEKK2
activity (14). We now demonstrate that ponatinib is also a potent
inhibitor of the MEKK3 signaling cascade (Fig. 2). To determine
whether loss of BCR-ABL and MEKK?2 can also regulate downstream
genes of CCM signaling, we used siRNA to knock down the expression
of MEKK?2 or ABL in si-CCM1-knocked down HUVECs. si-MEKK3-
knocked down si-CCM1 HUVECs were included as controls. We
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Fig. 1. Ponatinib directly inhibits MEKK3 kinase activity. (A to C) Computer modeling demonstrating that ponatinib can bind with the MEKK3 kinase domain in the
ATP-binding pocket with hydrogen-bonds and n-r interaction (color) as demonstrated by a ribbon plot with full-length proteins (A) and the ribbon plot (B) and surface
plot (C) of the binding pocket. (D) Immunoprecipitation (IP) demonstrating robust MEKK3 and MEKS5 interactions. Deletion of 66 amino acids at the N terminus (MEKK3-
ANG66) abolishes the interaction. Deletion of 11 amino acids at the N terminus (MEKK3-AN11) or kinase-dead MEKK3 (MEKK3-KD) do not affect MEKK3-MEKS5 interaction.
(E) In vitro kinase assays showing changes in MEK5 phosphorylation following treatment with ponatinib. MEKK3-K391A, a kinase-dead mutant, was included as a negative
control. The quantification of p-MEK5/MEKS5 density ratios was shown between the blots. Results are representative of three independent experiments.
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Fig. 2. Ponatinib blocks MEKK3-induced signaling in endothelial cells. (A to F) Gene expression analysis of ponatinib-treated HUVECs with siRNA-induced CCMT (si-
CCM1) gene knockdown. Ponatinib treatment in HUVECs normalized the increased expression of KLF2 (A), eNOS (B), and AQPT (C), as well as ADAMTST (D), ADAMTS4 (E),
and ADAMTS? (F), following CCM1 knockdown. (G to H) Western blotting analysis showing that ponatinib treatment decreased KLF2, eNOS, ADAMTS1, and ADAMTS4
expression. (I) Ponatinib treatment decreased the expression levels of ERK5 and p-ERK5. Error bars shown as SEM and significance determined by one-way analysis of
variance (ANOVA) for multiple comparisons (n = 4). “*"indicates P < 0.05, “**” indicates P < 0.001, and n.s. indicates P > 0.05. Western blotting images are representatives
of three independent experiments. The quantification of relative density ratios is shown underneath each blot.

demonstrated efficient and specific knockdown of CCM1, MEKK2,
MEKKS3, and ABL in HUVEC: (fig. S4, F to I). Combined knock-
down of CCM1 and MEKK2 can partially rescue the elevated KLF2
and KLF4 gene expressions observed in si-CCMI-knocked down
HUVECs, as well as its downstream targets eNOS and ADAMTSI
(fig. S4, A to D). Notably, loss of CCM1 and ABL did not reduce ex-
pression of KLF2/4 or its target genes; rather, we observed an increase
in the expression of these genes (fig. S4, A to E). The most significant
rescue in gene expression was observed with simultaneous knock-
down of CCM1 and MEKK3, where KLF2, KLF4,eNOS, and ADAMTS!
expression was similar to the Scr control HUVEC: (fig. S4, A to E).
Therefore, these results suggest that the ponatinib’s ability to nor-
malize abnormal gene expression following loss of CCM1 is through
MEKK3 signaling and, to a lesser extent, MEKK2. ABL is not a target
of ponatinib in endothelial cells that contributes to CCM signaling.

The hyperactive MEKK-KLF-ADAMTS signaling cascade ob-
served in endothelial cells during CCM pathogenesis is also conserved
during cardiovascular development (7). To further confirm that
MEKK?2 is not the dominant MEKK family member involved in
CCM pathology, we knocked down ccm2 using morpholino in the
Tg(cmcl2: EGFP) zebrafish model and visualized cardiac develop-
ment in vivo. Consistent with previous studies, knockdown of ccm2
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induced a dilated heart phenotype (fig. S5) (5, 21). While mekk3 knock-
down can rescue the dilated cardiac defects in the ccm2 morphants (7),
reduction in mekk2 had no effect on dilated cardiac phenotype (fig. S5).
Together, these data suggest that mekk2 is not involved in CCM sig-
naling during cardiac development in vivo. In addition, these results
further confirm that a MEKK3-mediated signaling cascade under-
lies CCM lesion formation.

In addition to MEKK2/3 and ABL, ponatinib also targets several
other kinases, including platelet-derived growth factor receptor a/p
(PDGFRo/B), FGFRs, vascular endothelial growth factor receptor 2
(VEGFR2), Fms-related tyrosine kinase 3 (FLT3), and SRC (22). To
determine whether some of these targets are also involved in CCM
signaling, we treated si-CCMI1-knocked down HUVECs with selec-
tive inhibitors against these targets. Among the five inhibitors test-
ed, PD173074, a selective inhibitor for FGFR1 and VEGFR2, had no
effect on si-CCM1 CCM1I-induced KLF2 expression (fig. $6). In con-
trast, crenolanib (inhibitor for PDGFRo/B), masitinib (inhibitor for
PDGFRo/B, ABL, KIT, and LYN), dovitinib (inhibitor against
FGFR1/2, FLT3, FLT4, and ¢-KIT), and KX2-391 (SRC inhibitor)
all partially reduced elevated KLF2 and its target gene expression
in si-CCM1-treated HUVECs (fig. S6). These data suggest that in
the absence of CCM1, and in addition to MEKK3, PDGFR and SRC
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signaling pathways may also play a role in CCM pathology by up-
regulating KLF2. Further in vivo studies are needed to confirm the
role of these signaling cascades in CCM pathogenesis.

Ponatinib inhibits CCM lesion initiation and growth

Our in vitro data thus far demonstrate that ponatinib can rescue
aberrant signaling associated with CCM pathogenesis in CCM1-
knocked down endothelial cultures (Fig. 2 and fig. S4). To address
whether ponatinib can alleviate CCM lesion formation in vivo, we
delivered ponatinib (10 mg/kg) intragastrically to mice with induced
endothelial cell-specific deletion of Ccm1 (Cdh5-CreERT2;Cem ™,
denoted the CcmIKO mice) (Fig. 3A). Ccml gene deletion was
induced by 4-hydroxytamoxifen (4-HT) injection at postnatal day 1
(P1) (fig. S7A). The first CCM lesions were detected at P6, and at
P13, numerous vascular malformations were observed in the sham-
treated Cem1™C pups, as visualized by micro-CT (Fig. 3, B to D).
In contrast, a single dose of ponatinib at P6 in the Cem1“%° mice
significantly reduced the number of developed lesions detected in
the hindbrains (Fig. 3, E to G). CCM lesion burden was reduced by
72% (Fig. 3H) and total lesion number by 35% in ponatinib-injected
Cem1™XO pups compared with sham-treated Cen1™%© mice (Fig. 31).
Histological analysis of P13 brains corroborated these micro-CT
findings (fig. S8). We further classified lesion number according to
their size and observed significantly reduced number of medium-
sized (10° to 107 um?® in volume) and large-sized (> 107 um?) le-
sions in the ponatinib-treated Ccm1*“© mice compared with the
sham-treated Ccm1%© group. The number of small-sized lesions
(< 10° p.m3) was similar between the treatment groups (Fig. 31I).
The reductions in total lesion volume observed in the Ccm1*K©
mice treated with ponatinib were due to the significantly decreased
total volume of large lesions (Fig. 3]).

In the CCM1-CCM2-CCM3 protein complex, the CCM2 pro-
tein directly interacts with MEKK3 (23), and loss of Ccm2 also leads
to vascular malformations as a result of increased endothelial Mekk3
signaling (6, 7). Ccm2 gene deletions were again induced by 4-HT
injection at P1 (fig. S7B). Similar to the results from the Ccm1 IECKO
mice, a single dose of Eonatinib in the endothelial cell-specific
Ccm2 knockout (Cem2™“%9) mice was also able to decrease CCM
lesion volume by 85% and CCM lesion count by 36% compared
with sham-treated Ccm2ECmice (Fig. 4, A to ]J). The decrease in
total lesion counts indicates that ponatinib treatment limits lesion
initiation. In addition, the more marked reduction of CCM lesion
volume suggests that ponatinib is highly effective in limiting CCM
lesion growth. Together, these data demonstrate that ponatinib can
efficiently limit the development of vascular malformations.

Ponatinib prevents progression of late-stage CCM lesions

In the neonatal CCM models, CCM lesions start to appear around
P6 and then undergo rapid growth and formation such that nu-
merous well-established lesions are formed by P11. Thereafter, le-
sions will continue to grow, albeit at a relatively slower pace. This
lesion development pattern in mice closely recapitulates human CCM
lesion growth as detected using magnetic resonance imaging scans.
Treatment of endothelial-specific Ccrm knockout mice with ponati-
nib at the time of lesion growth significantly reduced the number of
lesions formed and the total lesion volume, indicating that ponati-
nib can effectively protect against lesion initiation and progression
(Figs. 3 and 4). To determine whether ponatinib can reduce lesion
growth or rescue already formed lesions, we again injected Cerm1“<©
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pups with 4-HT at P1 to induce lesion formation, followed by a sin-
gle dose of ponatinib at P11, and lesion burden was analyzed at P22
(Fig. 5A). Ponatinib treatment resulted in significantly reduced CCM
lesion burden at P22 compared with the sham-treated Ccm1Z“<©
mice (Fig. 5, B to G, and fig. S9). Quantitative analyses of micro-CT
imaging data demonstrate that ponatinib treatment can decrease the
lesion volume by > 70% relative to sham-treated Ccm1FXC con-
trols (Fig. 5H). Treatment with ponatinib had no effect on the total
number of developed CCM lesions at P22, but rather, it significantly
decreased the presence of large- and medium-sized lesions with a con-
comitant increased number of small-sized lesions (Fig. 5, I and J).

In addition to lesion development in the cerebellum, CCM mod-
el mice also develop retinal lesions. Large vascular malformations at
the periphery of the retinal vascular plexus formed in the sham-
treated Ccm1"“© mice (Fig. 5, K and L). Treatment with ponatinib
had a similar inhibitory effect in reducing retinal lesion develop-
ment in the Cem 19 mice as it did in reducing cerebellum lesion
formation (Fig. 5M). These data demonstrate that ponatinib can
effectively reduce the growth of already established CCM lesions to
limit the transition from small lesions to large lesions.

Ponatinib normalizes aberrant endothelial genes expression
and morphology in CCM-deficient mice

To determine whether ponatinib inhibits CCM lesion formation
and progression through targeting of KLF2/4 and its downstream
targets, we isolated murine brain endothelial cells and analyzed gene
expressions by quantitative polymerase chain reaction (QPCR). Brain
endothelial cells were isolated from the P8 Cem1™“*° pups, in which
gene deletion was induced at P1, and ponatinib was administered at
P6. Consistent with the data from HUVECs (Fig. 2), qPCR results
revealed increased expression of KIf2, KIf4, eNos, and Id1 mRNA
compared with that of cells from Ccm " littermate controls. A sin-
gle treatment with ponatinib in Cem1™“*° mice was sufficient to
normalize the elevated gene expression levels in brain endothelial
cells to that of the littermate controls (Fig. 6, A to D). Normalization
of Klf4 protein levels in fresh isolated brain endothelial cells seen by
Western analysis further confirmed the qPCR data (Fig. 6E).

It has been shown that loss of CCM genes in cultured human
endothelial cells and endothelial cells isolated from a mouse brain
leads to activation of Rho signaling (5, 6, 24). To determine whether
ponatinib can reverse the aberrant activation of Rho signaling con-
ferred by CCM deficiency, we treated cultured HUVECs with siRNA
against CCM1 or CCM2, followed by ponatinib treatment. Immuno-
cytochemistry analysis revealed a marked increase of pMLC2 level
in cells transfected with si-CCM1 (Fig. 6G) or si-CCM2 (Fig. 61I)
compared with the control group (Fig. 6F). Ponatinib treatment re-
versed the aberrant increases in pMLC2 levels in both si-CCMI-
treated (Fig. 6H) and si-CCM2-treated (Fig. 6]) cells. Quantification
of relative fluorescence intensity is shown in Fig. 6K.

The major pathological hallmarks of CCM lesions are flattening
of endothelial cells and disruptions to the endothelial cell-endothelial
cell and endothelial cell-pericyte interactions. Scanning electron
microscopy was used to determine whether ponatinib can normalize
the structural changes in the endothelium with lesions. Under nor-
mal conditions, the endothelium ridges are well organized and align
in the direction of blood flow (Fig. 6, L to M). In contrast, the endo-
thelium within the CCM lesions was flattened and disorganized
(Fig. 6, N and O). Ponatinib treatment can partially rebuild the ridge
structures of the endothelium and return endothelial cell alignment
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Fig. 3. Ponatinib inhibits CCM lesion formation and progression in the CCM1-deficient CCM model. (A) Schematic of experimental design. Neonatal pups at P1 were
induced with 4-HT and treated with ponatinib at P6. Brains were collected at P13 for micro-computed tomography (CT) analysis. (B to G) Micro-CT imaging of CCM lesions
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along the direction of blood flow (Fig. 6, P and Q). These results
demonstrate that ponatinib can normalize the underlying dysfunc-
tional endothelial structural phenotype in brain microvessels that con-
tain CCM lesions and represent a potential therapy for CCM disease.

DISCUSSION
Recent genetic studies reveal that elevated MEKK3 signaling is a
causal factor for CCM lesion formation (6). In the present study, we
have identified an FDA-approved kinase inhibitor, ponatinib, orig-
inally developed as a tyrosine kinases inhibitor to treat chronic my-
eloid leukemia (16), as a potent inhibitor of hyperactive endothelial
MEKK3 signaling, with potential as a novel therapy to treat CCM
disease. Ponatinib is capable of robustly inhibiting CCM lesion ini-
tiation and progression in both Ccmi- and Ccm2-deficient mouse
models. These preclinical data provide the rationale for repurpos-
ing the use of ponatinib or design of new ponatinib derivatives for
treating patients with CCM.

The FDA has approved ponatinib for clinical use, but its use has
been reported to cause significant adverse effects in the cardiovascular
system (20). The exact cellular and molecular targets leading to these
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detrimental effects remain unknown. A kinase inhibition spectrum
assay has revealed that ponatinib can target a dozen kinases with high
efficiency (25). Our kinase assays and gene knockdown studies demon-
strate that ponatinib can efficiently target MEKK3. A previous study
has also established ponatinib as a potent inhibitor of MEKK2 (14). Our
in vitro data indicated that MEKK2 could also mediate CCM signaling
but to a lesser extent when compared with MEKK3. In vivo studies
using zebrafish models suggest that MEKK2 is not involved in CCM
signaling (fig. S5), but it is necessary to confirm whether MEKK2
is involved in CCM pathogenesis in in vivo mouse CCM models.
Ponatinib was designed to target the tyrosine protein kinase ABL1, but
we did not find any role of ABL in CCM signaling (fig. S4). Whether
other potent targets of ponatinib in addition to MEKK3 also play a po-
tential role in CCM pathogenesis will require further investigation.
MEKK3 is an upstream activator of the MEK5-ERKS5 signaling
cascade (12, 26). Our previous study has shown that MEKS5 inhibi-
tion can reduce elevated KLF2/4 expression that is induced with
CCM deficiency (7). In this study, we found that ponatinib can block
MEKS5 phosphorylation in in vitro kinase assays. Furthermore, we
demonstrate that ponatinib can inhibit the elevated expression of
MEKK3 downstream genes such as KLF, eNOS, and Adamts genes
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ing that the decreased lesion burden was mainly due to the reduction in the number of large lesions. Error bars are shown as SEM, and significance was determined by
Student’s t test. “**”indicates P < 0.001; n = 8 for both sham and ponatinib treatment groups.

that are up-regulated in CCM-deficient cells. While ponatinib can
efficiently rescue the elevated p-ERK5 level in CCM-deficient endo-
thelial cells, it had no effect on p38 MAPK signaling (fig. S3B), al-
though p38 MAPK is another pathway downstream of MEKK3. These
results indicate that in endothelial cells, ponatinib’s mode of action
is through the MEKK3/ERKS5 signaling cascade.

In the current study, we could inhibit new CCM lesion forma-
tions (below the level of detection) and the growth of already devel-
oped CCM lesions with high efficacy. These results were achieved
with only a single intragastric administration of the compound in
mice. How ponatinib achieves this high efficiency remains to be fully
elucidated. It could be due to several reasons: (i) In the neonatal
murine model of CCM disease, CCM lesions only develop when
CCM genes are deleted between P1 and P3. Deletion of CCM genes
outside this critical window leads to minimal or even lack of formed
CCM lesions. This temporal dependence suggests that the down-
stream signaling may be a critical component in lesion development
only within the specific time window, and inhibition of signaling
within this time window may be sufficient to block lesion formation.
(ii) CCM lesion progression may require continuous up-regulation
of KLFs. Transient KLF down-regulation by ponatinib through block-
ing of MEKK3 signaling may have allowed endothelial cells to adapt to
elevated KLFs, and therefore, they do not develop lesions anymore.

Choietal., Sci. Adv. 2018; 4 : eaau0731 7 November 2018

(iii) A clinical trial study reported that ponatinib is readily absorbed
in humans with a median time to maximal plasma radioactivity of
5 hours and mean terminal elimination half-life of radioactivity of
66.4 hours (27). This study suggests that even with a single dose,
ponatinib can be readily absorbed and active for a long period of
time and may contribute to its effectiveness against CCM lesions.
Ponatinib is recommended for use at a starting dosage of 30 mg/
kg for patients with cancer (16). In our study, ponatinib (10 mg/kg)
can potently block MEKK3 activity and reduce CCM lesion burden.
Given our results that ponatinib targets MEKK3, together with pre-
vious genetic data demonstrating that deleting just one allele of
Mekk3 is sufficient to block lesion formation (6, 8), this may ac-
count for the potent effect of ponatinib in reducing CCM pathology.
The ability to prevent lesion formation using a lower dose of pona-
tinib is an important factor, as ponatinib has been associated with
adverse cardiovascular events and that usage at a lower dosage may
mitigate these effects. Further investigations are required to trans-
late these results from mouse models to the clinic. The neonatal
CCM model used in our study is the best available model to mimic
human CCM disease. However, it still does not fully recapitulate
human conditions. For example, in humans, CCM mostly manifests
during adulthood (30s to 40s) and can be detected in various areas
throughout the brain. In the neonatal murine model, CCM gene
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A) Schematic of experimental design. Neonatal pups at P1 is induced with 4-HT

Fig. 5. Ponatinib impairs the growth of established CCM lesions in mouse model. (

and treated with ponatinib at P11. Brains and eyes were collected at P22 for micro-CT analysis and retina staining. (B to G) Micro-CT imaging of CCM lesions in brain in
Cem1EC with (E to G) or without (B to D) ponatinib treatment. (H to J) Quantification of micro-CT analysis shows that ponatinib treatment reduced CCM lesion volume

burden by 70% (H) without changes to the total lesion number (1) in Cem 150 mice compared with that of sham controls. CCM lesion distribution analysis shows de-

creased number of medium and large lesions in ponatinib-treated Ccm 1EC mice, but the number of small lesions increased (1). Collective volume of small and medium
lesions did not change, but the collective volume of large lesions is decreased (J). (K to M) Isolectin staining of retinal vasculature demonstrates smaller CCM lesions in the
ponatinib-treated retina (M) compared with that of sham treatment (K and L). Error bars are shown as SEM, and significance was determined by Student’s t test. “**"indi-

cates P < 0.001; n = 7 for the sham group, n = 9 for the ponatinib treatment group.

deletions must be induced in the first few days after birth for lesions
to form, and these lesions are mostly limited to the cerebellum.
Because of these differences, the dosage concentration, timing of
administration, and potential adverse effect will have to be carefully
assessed in human clinical trials to determine the beneficial effects
of ponatinib as a therapy for CCM. It is likely that treatment and
management of CCM lesions in humans require long-term drug
therapy, and whether any unintended effects on other kinases will
require further investigation. Chemical modifications to improve
the target selectivity of ponatinib will be necessary for the develop-
ment of a potent yet safe drug of CCM treatment. A similar design
has been achieved to redirect the selectivity of ponatinib derivative
toward PIPK1 (25).

Various agents based on different targeting mechanisms have been
tested in preclinical studies to treat CCM. Among them, fasudil, which
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targets Rho signaling, has been shown to be effective in reducing lesion
burden in CCM1 or CCM2 heterozygous models enhanced by Msh2
or p53 deficiency (28). Sulindac sulfide and its analogs have been shown
to effectively impair lesion formation in the CCM3 knockout mice (29),
and Tak242, a Toll-like receptor 4 signaling blocker, can reduce CCM
burden in both CCM1-and CCM2-deficient mice (6). Statins have
been tested in clinical setting without positive effects, while ROCK
inhibitors are currently in preclinical and clinical trials. Our previous
studies have shown that Rho signaling lies downstream of MEKK3
during CCM lesion development (6), and that ponatinib is effective
at reducing elevated Rho signaling in CCM-deficient endothelial cells
(Fig. 6). Whether a combination of drugs such as ponatinib with
fasudil or other ROCK inhibitors that target CCM signaling at multi-
ple nodes will be more effective in preventing CCM lesion formation
and development will need to be investigated.
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Fig. 6. Ponatinib normalized MEKK3-induced signaling and endothelium ultrastructure in CCM mouse models. (A to D) Gene expression analysis of ponatinib-
treated Cem15C mice. Ponatinib treatment at P6 normalized the increased expression of Kif2, KIf4, eNos, and Id1 in the freshly isolated brain endothelial cells from
Cem 1K mice as analyzed at P8. Error bars are shown as SEM, and significance was determined by one-way ANOVA, n = 6. “**"indicates P < 0.001; (E) Western blotting
analysis of KIf4 protein level in freshly isolated brain endothelial cells. Band density ratios are shown underneath the Kif4 blot. (F to J) Immunocytochemistry analysis
shows increased pMLC2 level in the si-CCM1 (G) and si-CCM2 (1) endothelial cells compared with control (F), while treatment with ponatinib returned pMLC2 levels to near
baseline (H and J). (K) Quantification of pML2 relative fluorescence intensity. (L to Q) Scanning electron microscope images of murine brain microvessels in P30 mouse
brains. In microvessels without CCM lesions (L and M), endothelium ridges are present and aligned in the direction of blood flow. In CCM lesions (N and O), endothelium
is flattened and disorganized. CCM lesions treated with ponatinib (P and Q) show partially normalized ridge structures of endothelium and alignment in the direction of
blood flow. Results are representative of three independent experiments.
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In conclusion, we have identified an FDA-approved drug, pona-
tinib, which can markedly reduce CCM lesion burden by inhib-
iting MEKK3-KLF activity. As a currently used clinical drug, it can be
rapidly applied as a therapeutic treatment for patients with CCM for
which there are no current available treatments. Ponatinib’s adverse
effects observed from clinical use in patients with cancer indicate
that it may have other unintended kinase targets and suggest that im-
proved derivatives of ponatinib with improved specificity may be re-
quired for use in both patients with cancer and patients with CCM.

MATERIALS AND METHODS

Study design

This study was designed to specifically identify therapeutic com-
pounds that can effectively prevent CCM lesion formation and pro-
gression through inhibition of the MEKK3-KLF-ADAMTS signaling
axis. The strategy used an FDA-approved kinase screen to identify
compounds that inhibited KLF2/4 gene expression levels in CCM1/2-
deficient endothelial cells. Ponatinib was found to be the most promis-
ing candidate following in vitro studies and testing in in vivo mouse
models of CCM lesion development. The endothelial-specific Cem1
or Cem2 knockout (CchiECKO or CcmZiECKO) mice on C57Bl/6 back-
ground were treated with sham or ponatinib. Animals were randomly
assigned to treatment groups from litters with at least four pups. Only
data from animal studies with the appropriate littermate controls
(Cre-negative controls, Cern 1% or Cem2“X© pups treated with sham,
and Cem 1 or Cem2KO treated with ponatinib) were included in the
analysis. Therapeutic potential of ponatinib was examined by micro-CT
for reductions in lesion number, size, and volume. Changes in gene
expression were measured by qPCR. Restoration of misaligned en-
dothelial lining was observed by scanning electron microscopy.

Mouse models

The Cdh5-CreERT2 PAC transgenic mice (iECre), and Cem"?
and Cem2™ animals have been previously described (7, 30, 31).
All experimental animals were maintained on a C57BL/6] genetic
background. The Sydney Local Health District Animal Welfare
Committee and Institutional Animal Care and Use Committee
of Tianjin Medical University approved all animal ethics and pro-
tocols. All experiments were conducted under the guidelines/
regulations of Centenary Institute, The University of Sydney, and
Tianjin Medical University.

CCM lesion induction and ponatinib administration in
mouse model

The Cem1%° mice and the Ccm2XC mice were generated by
crossing the Cdh5-CreERT2;,Cem1™ or Cdh5-CreERT2;Cem2™ mice
with the Cem ™ or Cem2™ mice, respectively. To induce Ccm gene
deletion, 50 pl of 4-HT (0.5 mg/ml; H7904, Sigma- Aldrich) was given
intragastrically to neonatal pups at P1. Ponatinib [Selleck, 10 mg/kg
made in 25 mM citrate buffer (pH 2.75)] was administrated to the
neonatal CCM disease model via intragastric administration at either
P6 or P11. Control animals were similarly injected with 4-HT and
administered with vehicle [25 mM citrate buffer (pH 2.75)].

Immunoprecipitation analysis and in vitro kinase assay

Cultured human embryonic kidney 293 cells were transfected with
flag-MEKK3 and HA-MEKS5 plasmids, and cells were lysed with radio-
immunoprecipitation assay buffer 48 hours after transfection. The
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lysates were subject to pulldown with anti-flag antibody affinity gel
(Sigma-Aldrich). After washing, protein bound to the beads were
eluted and subjected to Western blot analysis.

For in vitro kinase assays, purified GST-MEKS5 was used as the
substrate. Purified flag-MEKK3 and GST-MEK5 were incubated in
the kinase reaction buffer system [20 mM Hepes/KOH (pH 7.5),
5 mM MgCl,, 2 mM dithiothreitol, 1 mM ATP] for 4 hours at 30°C. The
reaction mixtures were then denatured with Laemmli loading buftfer,
and Western blots were performed using a standard protocol. Phosphor-
ylated MEK5 was detected with the p-MEKS5 antibody from Novus.

Ponatinib treatment and gene expression analysis in
cultured endothelial cells

HUVECs were purchased from Lonza or freshly isolated from um-
bilical vessels, as previously described (32), and siRNA-mediated
gene knockdown in these cells was performed, as previously described
(31). Briefly, HUVECs plated on six-well plates at 80% confluence
were transfected with 10 nM siRNA using Lipofectamine RNAiMAX
transfection reagents (Thermo Fisher Scientific). Transfected cells
were treated with ponatinib (0.2 to 2 uM) or vehicle 24 hours after
transfection, and RNA or protein was harvested 48 hours after ini-
tial transfection. siRNAs directed against CCM1, MEKK2, MEKKS3,
and ABLI were used for the knockdown experiments. After siRNA
knockdown of CCM1, HUVECs were treated with ponatinib (0.2 to
2 uM) for 24 hours, RNA was collected using an RNeasy micro kit
(Qiagen 74004), and complementary DNA (cDNA) was synthesized
using the the SuperScript VILO cDNA Synthesis Kit and Master Mix
(Thermo Fisher Scientific). PCR reactions were set up in triplicate,
and data shown were from at least three independent repeats. Real-
time PCR was performed with the PowerUp SYBR Green PCR Master
Mix (Thermo Fisher Scientific) using the following human primers:
GAPDH, 5'-GAGTCAACGGATTTGGTCGT-3' (forward) and 5'-GAT-
CTCGCTCCTGGAAGATG-3' (reverse); KLF2,5-CTACACCAA-
GAGTTCGCATCTG-3’ (forward) and 5-CCGTGTGCTTTCGG-
TAGTG-3' (reverse); KLF4,5 -GGCGGGCTGATGGGCAAGTT-3’
(forward) and 5'-TGCCGTCAGGGCTGCCTTTG-3’ (reverse); eNOS,
5-GGGTCCTGTGTATGGATGAGT-3' (forward) and 5'-ATGCT-
GTTGAAGCGGATCTTA-3’ (reverse); AQP1, 5'-TCATGTACAT-
CATCGCCCAGT-3’ (forward) and 5'-GGTAGTAGCCAGCACG-
CATAG-3’ (reverse); ADAMTSI1, 5'-GTAGGACAGCCCACAGGA-
ACT-3’ (forward) and 5'-GTAGGACAGCCCACAGGAACT-3' (re-
verse); ADAMTS4, 5'-AACATGCTCCATGACAACTCC-3’ (forward)
and 5'-AATGGAGCCTCTGGTTTGTCT-3’ (reverse); ADAMTSY,
5'-CCGATCGTGAGCAGTGTAAC-3' (forward) and 5-TTGTTTAT-
GCCCTCGACCAC-3’ (reverse); CCM1, 5'-AATGGCAGAGAAG-
CATGAGCAGTG-3' (forward) and 5-ATTTCAGCATGTCCTCCTC-
CAGCA-3' (reverse); MEKK2, 5-AGAATCCTTCAGTTCCCCAGA-3’
(forward) and 5'-TACTACGATCCAGCAGTTCCA-3’ (reverse);
MEKK3, 5'-AGATGTGGAGCACAAGGTGAC-3’ (forward) and
5-ATTTATATCCCCTGCGGACTG-3' (reverse); and ABL1,5'-GTTC-
CATCTCCCACTTGTCGT-3’ (forward) and 5'-TGAGATACGAAG-
GGAGGGTGT-3’ (reverse).

Isolation of cerebellar endothelial cells

and gene expression analysis

Cerebellar endothelial cells were isolated through enzymatic diges-
tion, followed by separation using magnetic-activated cell sorting
by anti-CD31-conjugated magnetic beads (MACS MS system, Miltenyi
Biotec), as previously described (6). Isolated cerebellar endothelial
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cells were pelleted, and total RN A was extracted using the RNeasy micro
kit (Qiagen 74004). PCR reactions were set up in triplicate, and data
shown are from at least three independent repeats. Changes in gene
expression were detected using the following mouse primers: Gapdh,
5'-GTCCCGTAGACAAAATGGTGA-3’ (forward) and 5'-TTTGAT-
GTTAGTGGGGTCTCG-3' (reverse); Kif2, 5'-CGCCTCGGGTTCAT-
TTC-3' (forward) and 5'-AGCCTATCTTGCCGTCCTTT-3' (reverse);
Kif4, 5'-GTGCCCCGACTAACCGTTG-3' (forward) and 5'-GTCGTT-
GAACTCCTCGGTCT-3' (reverse); eNos, 5-CCTGTGCATGGATGAG-
TATGA-3' (forward) and 5-TGAGCAGGAGACACTGTTGAA-3’
(reverse); and Id1, 5-ATCCTGCAGCATGTAATCGAC-3' (forward)
and 5'-GAGTCCATCTGGTCCCTCAGT-3’ (reverse).

Immunocytochemistry analysis

HUVECs were plated on coverslips in six-well plates and trans-
fected with si-CCM1 or si-CCM2 for 24 hours. Cells were treated
with ponatinib (1 uM) for a further 24 hours before fixation and
immunocytochemistry staining with p-MLC2 antibody (Cell Sig-
naling Technology). Images were taken with a Zeiss LSM800 con-
focal microscope.

Histology

Tissue samples were fixed in 4% formaldehyde overnight and em-
bedded in paraffin. Five-micrometer-thick sections were stained for
hematoxylin and eosin using a standard protocol and observed un-
der a light microscope.

Isolectin staining of retina vasculature

For flat-mount retina staining, fixed retinas were blocked overnight
in 4°C with 1% bovine serum albumin and 0.3% Triton X-100 in
phosphate-buffered saline (PBS). Retinas were conditioned with
PBLEC buffer [1% Triton X-100, 1 mM CaCl,, 1 mM MgCl,, and
0.1 mM MnCl, in PBS (pH 6.8)] before they were incubated over-
night with a 1:25 Daylight 594-conjugated isolectin B4 (Vector
Laboratories, Burlingame, CA, USA) in a PBLEC buffer at 4°C to
stain for retinal vessels. After washing, the stained retinas were
postfixed with 4% paraformaldehyde (PFA) for 5 min and washed
again with PBS. Images of retinal vessels were taken with a confocal
sSP5 microscope (Leica Microsystems, Germany).

Micro-CT scan and analysis
CCM lesion burden was analyzed using micro-CT imaging tech-
niques, as previously described (33).

Computer modeling

Homology models of MEKK3 and MEKK2 were built on the basis of
the crystal structure of the serine/threonine protein kinase PAK1 (Pro-
tein Data Bank ID: 4ZLO) (18) as the template by Prime (Schrédinger,
LLC) (34). Protein minimization was then carried out using Prime.
Ponatinib was prepared (35) and docked into the models, respectively,
at the XP precision using Glide (Schrodinger, LLC) (36). The docked
ligand-protein complex in three dimensions was presented using
PyMOL (37). The two-dimensional ligand-protein interaction diagrams
were presented using Maestro (Schrodinger, LLC) (38).

Brain microvascular analysis by scanning

electron microscopy

Mice were perfused with 10 ml of scanning electron microscopy
fixative [2.5% electron microscopy grade glutaraldehyde, 2% form-
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aldehyde, 2 mM calcium chloride, 2% sucrose, and 0.1 M cacodylate
buffer (pH 7.4)]. Hindbrain was dissected and fixed in the scanning
electron microscopy fixative overnight. Samples were further pre-
pared for scanning electron microscopy, as previous described (39).
Brain microvasculature was examined with a JEOL Neoscope Table-
top scanning electron microscope at up to x5000 magnification.

Zebrafish studies
Zebrafish strain including AB and Tg(cmlc2:GFP) transgenic lines
were raised and maintained at 28.5°C in system water and staged as
previously described (40). This study was approved by the Ethical
Review Committee of Institute of Zoology, Chinese Academy of Sci-
ences, China. Two antisense morpholino oligonucleotides (MOs)
were used: ccm2 MO (GAAGCTGAGTAATACCTTAACTTCC)
and mekk2 MO (GGCTGAAAAATGCTGCTCACCTTGC).
Morpholinos were injected at the one-cell stage. Tg(cmlc2:GFP)
embryos at 3 days after fertilization were mounted in 1% low-melting
point agarose. Images were acquired with an Andor dragonfly spin-
ning disk confocal microscope (Dragonfly 505).

Statistical analysis

All the statistical analysis in the study was done using ¢ tests and
one-way ANOVA in GraphPad Prism statistical software. Values
are presented as means + SE. Statistical significance was considered
when P < 0.05.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/11/eaau0731/DC1

Fig. S1. Three-dimensional structural comparison of the binding between ponatinib and Abl,
FGFR4, and MEKK3.

Fig. S2. Two-dimensional mapping of ponatinib interaction with Abl, FGFR4, and MEKK3.
Fig. S3. CCM1, p38, and MEKK3 expression in cultured HUVECs.

Fig. S4. MEKK3 is the dominant regulator of KLF signaling.

Fig. S5. Confocal images of Tg(cmlc2:EGFP) embryos injected with control, ccm2, or ccm2 +
mekk2 morpholinos.

Fig. S6. Effects of ponatinib and other kinase inhibitors on KLF2 expression.

Fig. S7. gPCR quantification of CCM gene expression in brain endothelial cells isolated from
4-HT-induced p6 pups.

Fig. S8. Hematoxylin and eosin staining of CCM lesions at P13.

Fig. S9. Hematoxylin and eosin staining of CCM lesions at P30.
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