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Abstract

Background—Cerebral cavernous malformation (CCM) is a hemorrhagic stroke disease
affecting up to 0.5% of North Americans with no approved non-surgical treatment. A subset of
patients have a hereditary form of the disease due primarily to loss-of-function mutations in
KRIT1, CCM2, or PDCD10. We sought to identify known drugs that could be repurposed to treat
CCM.

Methods and Results—We developed an unbiased screening platform based on both cellular
and animal models of loss-of-function of CCM2. Our discovery strategy consisted of four steps: an
automated immunofluorescence and machine-learning-based primary screen of structural
phenotypes in human endothelial cells deficient in CCM2; a secondary screen of functional
changes in endothelial stability in these same cells; a rapid in vivo tertiary screen of dermal
microvascular leak in mice lacking endothelial Ccm2; and finally a quaternary screen of CCM
lesion burden in these same mice. We screened 2,100 known drugs and bioactive compounds, and
identified two candidates for further study, cholecalciferol (Vitamin D3) and tempol (a scavenger
of superoxide). Each drug decreased lesion burden in a mouse model of CCM vascular disease by
approximately 50%.

Conclusions—BYy identifying known drugs as potential therapeutics for CCM, we have
decreased the time, cost, and risk of bringing treatments to patients. Each drug also prompts
additional exploration of biomarkers of CCM disease. We further suggest that the structure-
function screening platform presented here may be adapted and scaled to facilitate drug discovery
for diverse loss-of-function genetic vascular disease.

Keywords
Stroke; Cerebrovascular Disorders; Endothelium; Genetics; Hemorrhage

Introduction

There are at least 7,000 diseases designated as rare in the United States!. Taken as a whole
at least 25 million Americans are affected by a rare diseasel 2. Disease-causing mutations in
a single gene account for as many as 5,000 rare diseases, the largest subset!: 2. The often
arduous quest for a proper diagnosis and treatment by highly specialized practitioners is
costly to our healthcare system and for families faced with a rare disease. Further, the high
cost of drug development combined with relatively small markets exerts a negative effect on
commercial interest in treatment of these diseases. The Orphan Drug Act of 1983 and its
subsequent amendments have created regulatory and economic incentives for drug
development in the rare disease space, and there have been major successes both for
pharmaceutical companies and for rare-disease patients3. However, more than 95% of rare
diseases still have no approved treatment?.

An area of current excitement and challenge in the pharmaceutical industry is drug
repurposing (sometimes referred to as drug rediscovery or drug repositioning), whereby
existing drugs are used for additional or alternative indications from those for which they
were originally designed or intended*-5. The classic example of drug repurposing is that of
sildenafil (Viagra), intended originally to treat angina, but attaining ‘blockbuster’ status for
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the treatment of erectile dysfunction’. The vast majority of drug repurposing successes can
be attributed to serendipity or to a reasoned approach based on a deep understanding of a
specific disease mechanism® 9. While these reasoned approaches often work for well-
studied diseases, a comprehensive picture of the molecular mechanisms underlying many
rare diseases is lacking. A scalable platform for drug repurposing across many rare diseases
would thus have considerable impact.

Over the past decade we have studied a monogenic loss-of-function stroke disease, Cerebral
Cavernous Malformation (CCM), in an attempt to learn more about the molecular
mechanisms underlying vascular stability and with an emphasis on translational research.
CCM is a hemorrhagic stroke syndrome characterized by vascular malformations in the
central nervous system. CCM lesions are leaky and unstable, with chronic and acute
bleeding leading to inflammation and stroke respectively0. The only treatment for CCM is
neurosurgical resectiont. CCM occurs in two forms: sporadic and familial, which together
affect as many as 1 in 200 to 500 individuals in the United States'? 13, The familial form of
CCM accounts for 20% of cases, and is most often associated with heterozygous loss-of-
function mutations in one of three genes, KRIT1, CCM2, or PDCD10. Though a very
limited number of missense mutations have been reported, more than 90% of the mutations
identified in all CCM genes are null (loss-of-function) frameshift, deletion, or splicing
mutations'>-27. A somatic second-hit loss-of-heterozygosity mechanism has been proposed,
and limited experimental results from human samples are so far consistent with that
model28-34, We have previously reported a reductionist, target-based, hypothesis-driven,
drug repurposing strategy for CCM, and we show here results that caused us to re-evaluate
that general approach. As a result, we developed an unbiased drug discovery platform for
identification of an effective therapeutic for CCM. Here we report that this platform has
identified two known drugs, cholecalciferol (vitamin D3) and tempol (a superoxide
scavenger), as investigational treatments for CCM. We demonstrate that both of these
compounds successfully reduce CCM lesions in a mouse model of human CCM disease.

Materials and Methods

The complete detailed methods are included in the supplemental material.

Primary Screen

Primary human adult dermal microvascular endothelial cells and cell culture reagents were
from Lonza (Basel, Switzerland); Small interfering RNA (siRNA) from Dharmacon Thermo
Scientific (Waltham, MA), and the Spectrum Collection compound library from
MicroSource Discovery Systems (Gaylordsville, CT). Cells were subjected to two rounds of
transfection (48 hrs apart) with siRNA targeting CCM2 or a scrambled control, and seeded
into 96-well plates. After 72 hours, cells were fixed, stained with probes, and imaged using a
high-throughput microscope. For screening, compounds were added to each at a final
concentration of 10 pM in 0.5% DMSO for 24 hours.
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Secondary Screen (Electric cell substrate impedance sensing)

Following the second siRNA transfection, HMVEC-D were seeded at 4x104 cell/well onto a
96-well ECIS plate (96W10E+, Applied Biophysics). Plates were monitored using an ECIS
Z0 system to measure resistance of an alternating current (4000 Hz) across the cell
monolayer. Resistance was normalized for each well to just before treatment, and was
plotted in real time. 72 hours after the second siRNA transfection, compounds were added to
each well at a final concentration of 10 puM in 0.5% DMSO.

In vivo screens

Results

The CCM2 mouse model, dermal permeability and MRI analyses were performed as
previously described. Endothelial specific CCM2 knockout mice were fed standard chow,
chow enhanced with vitamin D3, or water enhanced with tempol, for five months prior to
MRI-analysis. All mouse experiments were approved by the University of Utah Institutional
Animal Care and Use Committee or the George E. Wahlen Department of Veterans Affairs
Medical Center Institutional Animal Care and Use Committee.

Motivation for a new approach

We and others have identified dysregulation of the small GTPase, RHOA, in cells lacking
either KRIT1 or CCM2 as a possible pathogenic mechanism of CCM disease. This
identification was based on reasoned probing of the molecular mechanisms associated with
the disease and a reductionist methodology to target identification38-40. Because of that
approach, we suggested that statins, which inhibit RHOA activation through antagonistic
activity on HMG-CoA reductase, might be repurposed to treat CCM disease3. Though
missense mutations have been described in KRIT1 and CCM2 patients, the vast majority of
patients with disease harbor frameshift, deletion, or splicing mutations in a single CCM
allele1>27 Though the exact mechanism by which heterozygosity for a null allele
dramatically increases predisposition to disease is incompletely understood, the limited
evidence available in humans and from animal models supports a Knudsonian second-hit
loss-of-heterozygosity mechanism14. 28. 29,3134, 41 Thys, we created mice that are
compound heterozygous for a loss of function allele in Ccm2 with the cognate allele flanked
by loxp sites permitting its post-natal, endothelial-specific, deletion (PDGFb-iCreERT2)42.
Strikingly, these mice develop CCM lesions that reproduce all of the pathologic aspects of
human CCM disease*3. To our disappointment, four months of simvastatin treatment in this
model did not result in a decreased burden of disease, as measured by small animal MRI
(Supplementary Fig. 1). Potential explanations for this result are myriad and do not exclude
a role of RHO activation in CCM pathophysiology, and certainly do not exclude the use of
statins or other modulators of RHO activity as an effective treatment of CCM disease.
However, the effect of this result was to prompt us to critically reexamine the reductionist,
target-centric approach to drug identification we had employed.
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Development, evaluation, and execution of the screen

Endothelial cells deficient in CCM2 have obvious structural and functional phenotypes?3.
We hypothesized that we could use these phenotypes for unbiased drug discovery. Our
strategy was to develop a multi-stage screen taking advantage of in vitro structural
phenotypes (primary screen), in vitro functional phenotypes (secondary screen), acute in
vivo functional phenotypes (tertiary screen), and chronic in vivo disease phenotypes
(quaternary screen) (Fig. 1). We chose fluorescent microscopy and automated cellular
quantification and profiling as our primary screen, transendothelial resistance as our
secondary screen, measurement of the leakiness of dermal vasculature in a CCM mouse
model as our tertiary screen, and measurement of lesion burden using small animal magnetic
resonance imaging (MRI) as our quaternary and final screen. The specific assays were
chosen based upon throughput and the quantity and quality of data provided. In general,
each successive step in our platform exchanged decreased throughput and increased
associated time and effort with increased predictive ability. Another important aspect of our
strategy was to use a library of 2100 small molecules composed of known drugs and
bioactive compounds based upon our hypothesis that hits from this library could more
quickly be translated to the bedside.

Primary imaging screen

A primary imaging screen was chosen because of the richness of data available relative to
the ease with which an academic laboratory can perform such medium- or high-throughput
assays. As the vast majority of patients with CCM disease have mutations hypothesized to
result in loss-of-function or amounts of CCM protein, we chose to model disease in human
cells using well-validated siRNA to knock-down CCM2. Human Dermal Microvascular
Endothelial Cells (HMVEC-D) were treated with well-validated CCM2 mRNA-targeting
SiRNA or a scrambled control, and then seeded into 96-well imaging plates (Fig. 2A)38-40,
Large immunofluorescence images composed of 16 adjacent fields of view stitched together
automatically were captured from each well of a 96-well plate in three channels sufficient to
give an impression of the cell structure including the nucleus, actin stress fibers, and VE-
cadherin cell-cell junctions (Fig. 2B). A high-throughput microscope developed for
phenotypic drug discovery allowed automated imaging of an entire 96-well plate in about 60
minutes. We used CellProfiler, an open-source high-content imaging analysis tool developed
and overseen by Dr. Anne Carpenter of the Broad Institute, to import images, identify the
borders of each cell, and create a database of a multitude of mathematical descriptors of
every cell in every image collected (Fig. 2C, Supplementary Fig. 2A-B)35-37. 44 \We then
used CellProfiler Analyst, a machine-learning tool, to develop rules that could be used to
distinguish whether each cell in an image was more likely to have been treated with
scrambled control SiRNA or siCCM2 (Supplementary Table 1)36: 37, The software was able
to accurately categorize images (based on the proportion of individual cells in each image
scored as SiCTRL or siCCM2), as ‘siCTRL-treated” or ‘siCCM2-treated’ as calculated by a
Z’ of 0.7, a statistical test for evaluating assays for high-throughput screening for which any
value between 0.5 and 1 is considered amenable to high-throughput screening (Fig. 2D)*°.

We then screened 2,100 known drugs to identify those that could rescue the structural
phenotype associated with loss of CCM2. We analyzed the resulting images to identify
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rescue using CellProfiler and CellProfiler Analyst as well as using qualitative scoring by two
blinded reviewers as a comparison. The two reviewers who performed qualitative analysis
identified 38 compounds in common that when added to siCCM2-treated cells resulted in
what they perceived was rescue of structural phenotypes. We simultaneously used the
CellProfiler software system to prioritize compounds, and we selected the top 38 compounds
so as to provide a direct numerical comparison of the performance of qualitative analysis (38
compounds) and our automated analysis. Interestingly, there was no overlap between the
compounds selected by human analysis and those selected by the automated computational
scoring system.

Secondary trans-cellular resistance screen

To validate our hits and prioritize future analysis, we developed a secondary orthogonal
screen using trans-cellular resistance based on the functional defect in monolayer stability in
cells deficient in CCM2 (Fig 3A)38. Trans-cellular resistance was chosen due to it’s
relatively high-throughput, its real-time nature, the quality and quantity of data generated,
and its label-free, functional output which is highly orthogonal to the primary imaging
screen. This assay employs real-time measurements of the resistance encountered when an
electrical current is passed between electrodes upon which a monolayer of cells are growing,
and we used it to simultaneously screen the two sets of 38 compounds identified in the
primary screen by our manual and automated image analysis*6. Of the 38 compounds
selected by human analysis, only one compound (simvastatin) showed rescue of the defect
in monolayer stability of cells treated with siCCM2 (Fig. 3B, Supplementary Fig. 3A).
However, of the 38 compounds identified using CellProfiler’s automated machine-learning
analysis, seven showed full or partial rescue of the functional phenotype (Fig. 3B). The
seven compounds selected from our automated analysis and validated by our secondary
screen include compounds from classes previously connected to CCM disease, as well as
compounds without any previously described association with the disease (Supplementary
Table 2, Supplementary Fig. 3B—H)47-50,

Compound prioritization in an acute animal model of CCM

Due to the time and cost associated with chronic treatment trials in our CCM mouse model,
we next took advantage of a relatively high throughput microvascular leak assay in our
inducible endothelial-specific Ccm2 knockout mice (Cecm2f~; +/Tg(Pdgfb-iCreERT?),
hereafter referred to as Ccm2 ecKO, as a tertiary screen to prioritize hits for chronic
treatment models. When we injected small intradermal wheals of a subset of our hit
compounds into these mice, we found that both tempol and cholecalciferol significantly
reduced peri-injection microvascular leakiness (multiplicity adjusted comparisons, p=0.04
and p=0.04, respectively) (Fig. 4A,B). We do not exclude the possibility that the other
compounds could be relevant therapeutic candidates for the treatment of CCM disease, but
this assay allowed us to immediately prioritize tempol and cholecalciferol for further study.

Compound validation in a chronic animal model of CCM

Next, we performed chronic treatment studies of the effects of tempol and cholecalciferol in
our Ccm2 ecKO mice?3. These studies serve not just to evaluate the potential of these

Circulation. Author manuscript; available in PMC 2016 January 20.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gibson et al.

Page 7

treatments for CCM disease, but as a proof of principle for the potential usefulness of our
screening platform. Nursing mothers were treated with either standard chow (1.5 1U/g
cholecalciferol), an identical chow enhanced with cholecalciferol(25 1U/g), or standard
chow plus tempol dissolved in drinking water (1mM) starting 5 days after delivery of their
pups. After weaning, mice were fed the same diet as their mother until 5 months of age, a
point at which 100% of untreated endothelial specific Ccm2 knockout mice have
cerebrovascular lesions detectable by MRI (Fig. 5A). As progression of human disease is
followed by MRI, mice were also evaluated for lesion status by MRI. Two reviewers with
experience reading murine and human MRI were provided MRI files from all mice in the
study, but were totally blinded to treatment. The reviewers manually outlined each lesion in
every MRI, and their results were tabulated. Mice receiving the diet enriched with
cholecalciferol had a significant reduction in lesions compared to those receiving standard
chow, while mice receiving tempol had a marginally significant reduction in lesions
(P=0.052) (Fig. 5B). When lesion size distributions were compared, cholecalciferol
appeared to significantly reduce the number of small lesions and tempol appeared to
marginally reduce the number of small lesions, while for both treatments there was a trend
toward reduction of most lesion sizes (Fig. 5C). The effect of cholecalciferol and tempol
supplementation was qualitatively obvious when comparing MRI-based three dimensional
reconstructions of mouse brains (the brain with the median number of lesions from each
treatment group is shown) (Fig. 5D).

Novel treatments inform CCM pathophysiology

A major advantage of screening a library of known drugs and bioactive factors is that a large
body of research is generally available regarding the effects of any one of the compounds.
Such was the case with both cholecalciferol and tempol. With knowledge of the various
biologic roles of cholecalciferol and other forms of vitamin D at hand, we assessed the
timing of the effects of cholecalciferol on the endothelium. We evaluated the effect of
knockdown of CCM2, and subsequent treatment with cholecalciferol, on a panel of
signaling pathways commonly associated with endothelial instability, including ADP-
ribosylation factor 6 (ARF6), cell division control protein 42 homolog (CDC42),
transforming protein RhoA (RHOA), phosphorylation of myosin light chain (pMLC), Ras-
related C3 botulinum toxin substrate 1 (RAC1), or Ras-related protein R-Ras (RRAS) (Fig.
6A-C, Supplementary Fig. 4A-C)>1-57, Treatment of monolayers with cholecalciferol, even
at a physiologic dose 100 times lower than what was used in the screen (100 nM), inhibited
the CCM2 knockdown-induced activation of ARF6, RHOA, and pMLC (Fig. 6A-C).
Knockdown of CCM2 did not affect activation of CDC42, RACL, or RRAS; nor did
treatment of up to 10 uM cholecalciferol basally inhibit activation of these markers
(Supplementary Fig. 4A—-C). Because of a strong role for ARF6 as a central modulator of
endothelial permeability, we further examined the timing of the effects of cholecalciferol on
ARF6 activation, and found inhibition to occur within 5 minutes (Fig. 6D-E). Taken
together, these data suggest that cholecalciferol, even at physiologic doses, can rapidly and
directly inhibit multiple key intracellular signaling pathways that play a role in endothelial
activation and stability in the context of mutation-induced destabilization. These data shed
light on CCM, and also inform the study of cholecalciferol, which has not previously been
shown to have a direct and immediate stabilizing effect on the endothelium.
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Similarly, identification of tempol due to our use of a library of known drugs and bioactive
molecules enabled us to immediately investigate the known target of tempol, superoxide>8.
Indeed, a role of oxidative stress in the pathophysiology of CCM disease due to two other
causative genes, KRIT1 and PDCD10, has been reported8: 5962 |n cell culture, loss of
CCM2 induced increased ROS and decreased FOXO01 expression, suggesting a potential
common mechanism of CCM pathophysiology as has been proposed for KRIT1 and
PDCD10 (Fig. 6F,G)*8. These results, and previous work in the field, led us to hypothesize
that oxidative stress may be a driving force in CCM at the level of individual cells and may
also have broader effects on the physiology of small vessels through effects on endothelial
vasodilation®3. To test this hypothesis, we isolated murine middle cerebral arteries from our
endothelial-specific CCM2 knockout mice and measured both endothelial-dependent and
endothelial-independent vasodilation using acetylcholine and sodium nitroprusside,
respectively®4. We found that endothelial specific loss of CCM2 resulted in a significant
defect in endothelial-dependent vasodilation in our model, which could be completely
rescued by tempol (Fig. 7A-D). Additionally, both systolic and diastolic blood pressure
trended toward an increase in the endothelial knockout mice (Fig. 7E-G), consistent with
constricted, non-responsive vessels. Interestingly, heart rate of the endothelial knockouts
trended lower than in control mice (Fig. 7H). These data suggest that oxidative stress may
play an even more critical role in CCM disease than previously described due to systemic
effects.

Discussion

We have conceived and implemented a high-content screen querying both structural and
functional cellular phenotypes to discover novel factors active in the CCM2 pathway. We
combined high-content imaging, machine-learning software, as well as trans-cellular
electrical resistance measurements as efficient and powerful tools for drug screening. We
specifically focused on known drugs and bioactive compounds because we believe such
drugs have a much higher chance of making a rapid impact on patient outcomes. By
focusing on such molecules, our high-tech screening method, which combines advances in
molecular biology, imaging, and computing, has led to a low-tech solution: the potential for
a modulatory role of two known drugs on CCM disease. Chief among these is
cholecalciferol, which is inexpensive and widely available in supplement form, freely
available outdoors to those with exposed skin, and has a wide safety margin.

One of the most exciting aspects of these data was that the drug candidates chosen using
automated software analysis outperformed those chosen by human analysis in our secondary
screen. We hypothesize that this is due to a well-described human shortcoming called
inattentional blindness in which humans often fail to notice an unexpected stimulus when
other attention-demanding tasks are being performed®®; the actin stress fiber phenotype,
which was previously quantified and published by our lab, and known to both qualitative
reviewers, may have overwhelmed or obscured more subtle or unexpected aspects of the
phenotype that may have as much or more biological relevance to the disease. Quantitative
software analysis, however, is not unduly weighted by the stress-fibers, so that rescue of
many subtle changes becomes important. We believe it is likely that well-tuned automated
analysis will have the most significant gains when compared to reviewers who are highly
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informed or educated, as they are likely to be most susceptible to the preconceived notions
and inattentional blindness. This is a major benefit of the automated software analysis as
demonstrated in its considerable success compared to the human analysis in this screen. We
would be interested in whether other future high-content screening studies that directly
compare human and automated analysis support our findings.

Also of particular excitement to us are recent advances by other groups who have expanded
our understanding of the pathophysiology of CCM disease and who have, in some cases, put
forth potential treatments for the disease. Recent evidence suggests that endothelial to
mesenchymal transition (endMT) plays a critical role in the pathophysiology of CCM
disease®®. Through inhibition of TGF-p, a key driver of endMT, reduction in severity of
disease in a mouse model of CCM disease was identified. There is evidence that the target of
tempol, oxidative stress, drives, and is driven by, increased TGF-§ signaling and endMT,
offering a potential mechanistic link8”. Additionally, metabolites of cholecalciferol have
also been shown to strongly inhibit TGF-f signaling and epithelial-mesenchymal transition
(EMT)88. 89 Our laboratory and others have also proposed a critical role for RHOA
activation in CCM disease, which has served as the basis of a recently initiated phase zero
clinical trial of the effects of simvastatin patients with familial CCM due to mutations in
KRIT179. Though our attempt at RHOA inhibition in our murine CCM model using
simvastatin failed, we await with excitement the results of a clinical trial currently underway
and note that others have had success using a downstream inhibitor of RHOA activation,
fasudil”. We have also shown here that RHOA activation in combination with ARF6 and
PMLC activation are inhibited by cholecalciferol. Taken together, these studies suggest that
both compounds identified in an unbiased manner in our screen could intersect in unique
combinations with pathways previously shown to be critical for CCM pathogenesis. The
accessibility of cholecalciferol at trivial cost to patients, and the various clinical trials
underway in the United States for tempol in a variety of conditions suggest that one or both
of these drugs could be rapidly applied to the treatment of CCM disease. No study has yet
shown a complete inhibition of CCM lesion formation in mice with any treatment, and our
work along with the work of others, opens the possibility that multiple treatments could be
used synergistically to treat patients with CCM vascular disease. Moreover, identification of
these new treatments provides an avenue toward discovery of additional molecular
mechanisms relevant to CCM disease.

Future work will determine whether our findings, obtained in both human endothelial cells
and a mouse model of CCM disease, will translate to humans with CCM disease. Our
findings underline major priorities upon which the field must agree. Specifically, success of
any clinical trial, especially in rare disease research, hinges upon well-studied natural history
and clinically meaningful endpoints. The long-term sustainability of treatment often also
relies on establishment of relevant biomarkers. In advance of, or in conjunction with, human
clinical trials for cholecalciferol or tempol treatment, our work strongly supports immediate
amendment of research protocols on human patients with CCM to include measurements of
both 25(0OH)D3 and an agreeable marker of oxidative stress. There has even been anecdotal
evidence among CCM patients and clinicians that CCM-related symptoms increase during
the winter months, which would be consistent with seasonal variation in Vitamin D or the
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increased oxidative stress associated with inflammation due to typical winter infections such
as influenza. We must also develop widely-acceptable standards for tracking the natural
history of CCM including specific imaging modalities, lesion evaluation, and symptom
assessment. We must use these standards as a platform by which to perform both
observational and interventional studies of CCM disease and any proposed treatment
including simvastatin, fasudil, tempol, cholecalciferol, or others. As with any rare condition,
the probability of obtaining meaningful results for patients is exponentially enhanced by
agreement and adherence of the field to specific protocols so that data can be aggregated
across clinical sites.

Our success in identifying candidates for future study in CCM disease was based not only on
an unbiased screen centered on structural and functional phenotypes, but also on the
generation and characterization of animal models that faithfully recapitulate the genotype
and phenotype most often found in the human disease38: 43. The adaptation of clinical
imaging technology used in the human disease for these mouse models allowed us to
evaluate lesions in much the same way as would be done in a clinical setting. The success of
our approach has led us to wonder whether we could apply this same methodology to other
vascular diseases for which a genetic basis is known, such as supravalvular aortic stenosis or
hereditary hemorrhagic telangiectasia, or even for a broader set of all genetic loss-of-
function diseases’2 73, Other analyses of structural changes in a whole genome screen using
similar imaging and analysis methods to those we have reported here, found that at least
10% of all gene knockdowns resulted in a quantifiable structural phenotype’®. Taken
together, the aforementioned whole genome study and our drug-repurposing study highlight
the possibility that there may be a substantial number of phenotypes associated with human
disease-related genes that are amenable to chemical suppressor screening in a systematic and
automated manner. Thus, there may be additional opportunity for the rapid and efficient
identification of candidate compounds for the treatment of other human genetic diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Project work-flow. An overview of the four different screening assays used to identify two

promising compounds from among 2100 initial candidates.

Circulation. Author manuscript; available in PMC 2016 January 20.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gibson et al. Page 17

A
& sV
5
CCM2 %

0-actinin _ We— y—
DNA

C

Nuclei §

D 2N
T R
U N
S g
Q>
5 60
o
25
82 40
s
% g 20 ¢ " % * * * *
=0 %3 ' - } ’:"’ e &
83 0Ll st b i s e

+ siCTRL = SiCCM2

Figure2.
Primary screen - rescue of structural phenotypes associated with loss of CCM2. (A) Western

blot analysis of siCCM2 knockdown. (B) Immunofluorescence images of endothelial cells
treated with siCTRL or siCCM2 stained for DNA (blue), actin (green), and VE-cadherin
(red). (C) DNA (top) and VE-cadherin (bottom) raw images segmented into nuclei and cell
objects, respectively. (D) Result of scoring positive and negative control images using rules
generated by machine-learning algorithms in CellProfiler Analyst software. Scale bars = 50
um.
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Secondary screen - rescue of functional phenotypes associated with loss of CCM2. (A)
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P<0.001 as evaluated by t-test. (B) When added to siCCM2-treated cell monolayers, seven

compounds identified using automated analysis in the primary screen partially or fully

rescued resistance measures after 24-hours of treatment. Each compound was tested

individually with two replicates. A representative replicate is plotted.
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Figure 4.

Tertiary screen - rescue of dermal leak phenotype associated with a murine model of CCM.
(A) Timeline of dermal permeability experiment. Drugs were administered into intradermal
wheals in the shaved backs of either Ccm2 control mice (Ccm2f*) or endothelial cell
knockout mice (Ccm2f~; +/Tg(Pdgfb-iCreERT2). 90 minutes later, Evans blue dye (EBD)
was administered systemically by tail vein injection. After an additional 30 minutes, skin
from the site of each drug injection was removed and the amount of EBD assayed. (B)
Quantification of dermal permeability assay described in (A). N=4-12 mice per group were
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tested. Graph depicts each value and the mean. * indicates P<0.05 as evaluated by mixed
effects linear regression with Benjamini-Hochberg adjusted significance test.
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Figureb5.
Quaternary screen — rescue of lesion burden in a murine model of CCM. (A) Timeline of

treatment and analysis of cholecalciferol or tempol in Ccm2 ecKO mice. (B) The number of
CCM lesions as measured by MRI in ecKO mice. Experiment represents N=8-12 mice per
group. Graph depicts each value, the mean, and SEM. * indicates P<0.05 as evaluated by
one-way ANOVA and Dunnett’s multiple comparison test, comparing each active diet
against the control diet. An effect of Tempol achieved marginal significance compared to
control, denoted by # (P=0.0518). (C) For each mouse, the count of lesions within the
designated size range (horizontal axis) was computed and compared between treatment
groups using exact Wilcoxon Mann-Whitney tests, with p-values adjusted for 2 comparisons
within each bin. The median count of lesions of each size among the mice for each treatment
is depicted. * denotes P<0.05, and # denotes P<0.1 after multiplicity adjustment. (D) Three-
dimensional reconstruction of the brain (grey/cream) and lesions (red) are shown for a
representative brain from each treatment arm (the mouse with the median number of lesions
for each treatment group is shown). The top, middle, and bottom brains are from mice
treated with standard, VD3-enhanced, or tempol enhanced diets, respectively.
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Figure6.

Treatments illuminate pathophysiology of disease. 60 minute treatment with 100 nM
cholecalciferol, but not its precursor 7-DHC, rescues CCM2 knockdown-induced (A)

RHOA, (B) pMLC, and (C) ARF6 activation. N=3 for each group in A—C. Graphs depict
each value, the mean, and SEM. * indicates P<0.05, ** indicates P<0.01, and *** denotes
P<0.001 as evaluated by one-way ANOVA and Dunnett’s Multiple Comparison Test. (D)
Cholecalciferol rescues CCM2-induced activation of ARF6 within 5 minutes. (E)
Quantification of (D). N=5-8. Graph depicts each value, mean and SEM.= Multiple t-tests
were used to evaluate significance with the Sidak-Bonferroni multiple comparison. (F)
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Knockdown of CCM2 in EA-hy926 endothelial cells induces increased reactive oxygen
species. (G) Knockdown of CCM2 in EA-hy926 endothelial cells induces a reduction of
FOXO01 expression.
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Figure7.

CCM mice display endothelial-dependent vascular dysfunction. (A) Middle cerebral arteries
isolated from endothelial-specific CCM2 knockout mice (KO) subjected to acetylcholine-
induced vasodilation. (B) Sodium Nitroprusside treatment (an NO-donor) of middle cerebral
arteries of both mice genotypes demonstrates the normal function of the smooth muscle in
both wild-type and knockout mice. (C) L-name, a specific inhibitor of eNOS, eliminates the
ability of endothelial cells to produce NO. (D) Tempol completely rescues acetylcholine-
induced vasodilation in endothelial-specific CCM2 knockout mice. For A-D, N=9-19.
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Graphs depict mean and SEM. Two-way ANOVA with one factor being genotype and the
second factor being acetylcholine dose as a repeated measures factor with Sidak’s multiple
comparison test were used to evaluate significance. (E) Systolic blood pressure (P=0.093)
(F) diastolic blood pressure (P=0.051), (G) and mean blood pressure (P=0.052) trended
toward an increase in ecKO mice, consistent with decreased vasodilatory function. (H)
Heart rate trended toward a reduction (P=0.051) in the endothelial-specific CCM2 knockout
mice. For E-H, N=5-10. Graphs depict each value, median and interquartile range.
Wilcoxon Mann-Whitney exact analysis was used to evaluate significance.
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