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ARTICLE INFO ABSTRACT

Cerebral cavernous malformations (CCMs) are vascular malformations that cause hemorrhagic stroke. CCMs can
arise from loss-of-function mutations in any one of CCM1 (KRIT1), CCM2 or CCM3 (PDCD10). Despite the
mutation being in all endothelial cells the CCM lesions develop primarily in the regions with low fluid shear
stress (FSS). Here we investigated the role of FSS in the signalling pathways associated with loss of function of
CCM genes. We performed transcriptomic analysis on CCM1 or CCM2-silenced endothelial cells subjected to
various FSS. The results showed 1382 genes were deregulated under low FSS, whereas only 29 genes were
deregulated under high FSS. Key CCM downstream signalling pathways, including increased KLF2/4 expression,
actin cytoskeleton reorganization, TGF-B and toll-like receptor signalling pathways and also oxidative stress
pathways, were all highly upregulated but only under low FSS. We also show that the key known phenotypes of
CCM lesions such as disrupted endothelial cell junction, increased inflammatory response/oxidative stress and
elevated RhoA-ROCK activity, are only exhibited in monolayers of CCM-silenced endothelial cells subjected to
low FSS. Our data establishes that shear stress acts as a previously unappreciated but important regulator for
CCM gene function and may determine the site of CCM lesion development.
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1. Introduction

Cerebral cavernous malformations (CCM) are vascular malforma-
tions that are prone to leakage, often leading to hemorrhagic stroke and
seizures. Loss-of-function mutation in either one of 3 genes that form
the CCM complex, CCM1 (KRIT1), CCM2, and CCM3 (PDCD10), results
in the familial forms of the disease [1]. The CCM complex has been
shown to be essential in control of vascular integrity [2-4], explaining
the underlying vascular leak of the pathology [5,6].

One of the major unresolved questions in CCM pathology is the
underlying mechanism for the selective locations of CCM lesions. In
humans, although CCM genes are ubiquitously expressed, the devel-
opment of CCM lesions is confined primarily to the CNS [5]. In animal
models mimicking human CCM disease, despite pan-EC Ccm gene ab-
lation, lesions form predominantly in the brain and retina [1] at a time
when there is active angiogenesis [7]. These are regions with poor
blood flow and low fluid shear stress (LSS) and indeed, in human and
animal models, CCM lesions show sluggish blood flow [2-4].

Shear stress is caused by the drag force of blood flow, and plays an
important role in the control of blood vessel growth and endothelial cell
(ECs) functions [8]. Intriguingly, many of the CCM downstream path-
ways, including KLF2/4, RhoA-ROCK and TGF-f31, are activated by LSS
[9-11]. Thus LSS may be an important secondary event in the induction
of CCM lesions [12]. Although LSS has been speculated to play a role in
the development of CCM [13], how FSS affects loss-of-CCM induced
phenotypes and signalling pathways in EC has not been investigated
systematically. In the present study, we explored whether shear stress
impacts on the signalling pathways induced by loss of CCM1 or CCM2
in EC. Our results indicate that LSS is a prerequisite for loss-of-CCM
induced key downstream signalling pathways.

2. Materials and methods
2.1. Mice

Cdh5° ccm2 animals have been previously described [14].
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Ccm2 EC specific knockout mice (Ccm2ECKOY were obtained by crossing
Cdh5°™ and Ccm2®® mice. To induce ccm2 gene EC specific deletion in
neonatal mice, 40 ug of 4-hydroxytamoxifen (4OHT, Sigma Aldrich)
dissolved in corn oil was injected intragastrically to pups at P1. The
Sydney Local Hospital District animal welfare committee approved all
animal protocols.

2.2. Cell culture

HUVECs were isolated and cultured as previously described [15].
The umbilical cords were anonymous (donors non-identifiable) and
informed consent was given for their use. The human cerebral micro-
vascular endothelial cell line hCMEC/D3 were maintained in En-
dothelial Cell Basal Medium-2 (Lonza, Switzerland) supplemented by
SingleQuots Kit (Lonza) [16]. Cells were cultured at 37 °C in a 5% CO2
humidified atmosphere.

2.3. Knockdown CCM1 and CCM2 in ECs by siRNAs

ECs were seeded at 2.0 X 10° cells in gelatin-coated 6-well plate
wells or 4.0 x 10* cells in fibronectin-coated straight or Y-shape IBIDI
Slide (IBIDI GmbH, Germany) overnight. Lipofectamine:siRNA (Thermo
Fisher Scientific) complexes were formed by mixing 1.5pL of
Lipofectamine RNAiMax (Thermo Fisher Scientific), diluted in 150 pL
OptiMEM (Thermo Fisher Scientific), and 1.5 pL of 10 umol/L siRNA to
control, CCM1 or CCM2, diluted in 150 uL. OptiMEM, for 10 min. The
complexes were added to 1.2 mL EBM-2 medium, and then added to
cells on a plate or slide. Cells were incubated overnight, after which the
medium was replaced with corresponding culture medium.

2.4. Invitro fluid shear stress

HUVEC grew to confluence on strait or Y-shape IBIDI slides 48 h
after seeding. The ECs were then either kept under static or exposed to
various shear stress conditions using IBIDI pump system (IBIDI GmbH).
For RNA extraction, EC were harvested 2-24 h after various shear stress
treatments.

2.5. Neutrophil adhesion assay

The live-cell microscopy flow model has been described [17,18].
Neutrophils were isolated as previously reported [19]. Confluent en-
dothelial monolayers with or without CCM1 knockdown were stimu-
lated with 5ng/mL TNF-a (R&D system) for 2h prior to shear stress
treatment. Imaging was acquired using an inverted phase-contrast mi-
croscope (Nikon Eclipse TE2000), connected to a Nikon Digital Sight
camera. Neutrophils (10° cells/mL in culture medium) were infused
into the Y-shape IBIDI p-Slide and allowed to settle for 10 min. Cells
were imaged 10 min after introduction of 2dyn/cm? constant shear
stress. A gentle wash was given 20 min after application of shear stress.
Images were then taken from different spots. Neutrophils per field were
counted by Fiji ImageJ version 2.0.0-rc-34/1.50a.

2.6. Immunofluorescence and confocal microscopy

For immunofluorescence stain, cells were fixed for 15 min with 4%
paraformaldehyde at room temperature or 50/50 (v/v) methanol/
acetone at —20 °C, then permeabilised for 10 min with 0.1%Triton X-
100 in Ca®*/Mg?* phosphate-buffered saline (PBS) followed by 2h
blocking with 2% bovine serum albumin (BSA) before probing with
various antibodies. Primary antibodies used were: goat polyclonal anti-
VE-cadherin (Santa Cruz Biotechnology), rhodamine phalloidin (Life
Technologies), rabbit phospho-Myosin Light Chain 2 (Ser19) (Cell
Signaling) and rabbit phospho-VEGFR2 Y1175 (Cell Signaling).
Secondary antibodies included anti-rabbit Alexa Fluor 488, anti-goat
Alexa Fluor 594 (Invitrogen). Cells were mounted with ProLong Gold
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Antifade Reagent (Invitrogen). Microscopy was performed with a Leica
SP5 confocal microscopy (Leica Microsystems, Wetzlar, Germany).
Images were analysed by using Fiji software. (Version: 2.2.2-rc-34/
1.50a, NIH).

VE-cadherin staining was quantified as previously described with
modification [20,21]. In brief, the total intensity of VE-cadherin was
first measured by Image J [20]. The width of the junctions were de-
termined by the line perpendicular to the widest gap per junction [21].
The intensity scores were then shown as intensity divided by width.

2.7. Measurement of superoxide formation

For ECs without FSS treatment, live HUVEC were incubated with the
cell-permeant (0.1% triton X-100) and 3 uM dihydroethidium (DHE)
(Thermo Fisher Scientific). Fluorescence microscopy was performed
after a 30-min incubation. For ECs with FSS treatment, DHE was added
to the medium 30 min prior to completion of a 4h shear regimen
[22,23]. Confocal microscopy was then performed as described be-
forehand.

2.8. RNA sequencing

Total RNA was extracted from ECs using RNeasy Plus Mini Kit
(Qiagen). RNA-Seq libraries for mRNA profiling were prepared from 1.5
to 5 pug total RNA using the NEBNext® UltraTM RNA Library Prep Kit for
[lumina® (NEB, USA) following manufacturer's recommendations.
Library fragments were purified with AMPure XP system (Beckman
Coulter, Beverly, USA). Library quality was assessed on the Agilent
Bioanalyzer 2100 system. Library preparations were sequenced on an
Mlumina Hiseq4000 platform and 150 bp paired-end reads were gen-
erated. Reference genome and gene model annotation files were
downloaded from genome website browser (NCBI/UCSC/Ensembl) di-
rectly. Indices of the reference genome were built using Bowtie (v2.2.3)
and paired-end clean reads were aligned to the reference genome using
TopHat (v2.0.12). We then used HTSeq (v0.6.1) to count the read
numbers mapped of each gene, followed by calculation of RPKM (Reads
Per Kilobase of exon model per Million mapped reads) of each gene
based on the length of the gene and reads count mapped to that gene.
Differentially expressed genes were then determined using DESeq R
package (v1.12.0). The resulting P-values were adjusted using the
Benjamini and Hochberg's approach for controlling the False Discovery
Rate (FDR). Genes with an adjusted P-value < 0.05 and FDR < 0.005
were assigned as differentially expressed.

2.9. Gene set enrichment and protein-protein interaction analysis

Modified gene set enrichment analysis (GSEA) was used to assess
functional significance at the level of sets of genes as previous described
[24]. All of these potential targets were compared with the “c2_all”
collection of curated gene sets from the Molecular Signatures Database
(v6.1), consisting of 1077 gene sets corresponding to BIOCARTA (217),
KEGG (186) and REACTOME (674) biological pathways. Heat maps were
generated using the Multiple Array Viewer MeV_4 8 (version 10.2).

Protein-protein interaction analysis of differentially expressed genes
was processed by the web-based STRING analysis (v10.5), which con-
tained known and predicted Protein-Protein Interactions. We con-
structed the networks by extracting the target gene lists from the da-
tabase.

2.10. RNA isolation and quantification of gene expression using
quantitative reverse transcription PCR

Total RNA, including small RNA fraction was extracted from ECs
using miRvana RNA isolation kit or Trizol (Thermo Fisher Scientific)
[15]. RNA was isolated for each condition and two steps real-time RCR
was used to measure miRNAs. First, 1pg of RNA was reverse
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transcribed to cDNA by using reverse transcription kit, followed by
TaqMan probe based real time PCR (Life technologies). The relative
RNA amount was calculated with the 2 724" method [24]. All reactions
were performed in quadruplicates and repeated in three biological re-
plicates using Biorad real-time PCR machine (Biorad).

2.11. Preparation of cell extracts and Western blotting

Western blot analysis was performed as previously described [15]
Whole-cell lysates were prepared using lysis buffer 1 mol/L Tris HCI,
pH 7.5, with 1% NP-40, 5 mol/L NaCl, 200 mmol/L EGTA, 500 mmol/L
NaF,100mM Na4P,0, containing 1X protease inhibitor cocktail
(Sigma Aldrich). Equal amounts of protein were loaded onto a 4-15%
precast polyacrylamide gel (BioRad) and separated by electrophoresis
in a running buffer, and then transferred to PVDF (polyvinyl difluoride)
membranes in transferring buffer, blocked with 5% skim milk powder
in PBS-Tween 20 (0.05%). The membranes were probed with ICAM-1
rabbit (1:1000, 4915, Cell Signalling) and a-tubulin (Santa Cruz)
overnight at 4°C or for 1h at room temperature, followed by corre-
sponding HRP-conjugated antibody (1:5000; Amersham, UK) for 1 h at
room temperature. Proteins were visualized using ECL Western blotting
Detection Reagents (GE Healthcare, Little Chalfont, UK) on ChemiDoc
MP system (Bio-rad). Densitometric analysis was performed using Im-
ageJ (Version 1.48, NIH, USA) software.

2.12. Statistics

All experiments were not assessed blindly. Sample size determina-
tion was based on previous experience with similar studies. The re-
searchers were not blinded to the treatment groups when performing
experiments and data assessment. Data are expressed as mean *
standard deviation (SD) for the indicated number of observations. P
values were calculated as indicated in figure legends using an unpaired,
two-tailed Student's t-test or one-way ANOVA with Tukey correction for
multiple comparisons. A P value of < 0.05 was considered significant.

2.13. Study approval
Human umbilical cords were collected under approval from the
New South Wales Local Sydney Health District Ethics Committees. This

study was conducted in accordance with the Declaration of Helsinki.

2.14. Key resources table

Resource Source Identifier

Antibodies

anti-goat Alexa Fluor 594
anti-rabbit Alexa Fluor 488
a-tubulin

goat polyclonal anti-VE-cadherin

Thermo Fisher Scientific N/A
Thermo Fisher Scientific N/A
Cell Signaling Technology =~ N/A
Santa Cruze Biotechnology = N/A

Cell Line

hCMEC/D3 N/A N/A
HUVEC N/A N/A
Chemical

4-hydroxytamoxifen Sigma Aldrich
acetone Sigma Aldrich N/A
DHE Thermo Fisher Scientific N/A
dihydroethidium Thermo Fisher Scientifc N/A
EGTA Thermo Fisher Scientifc N/A
methanol Sigma Aldrich N/A
phalloidin Thermo Fisher Scientific N/A
phosphate-buffered saline Sigma Aldrich N/A
Tris Fluka N/A
Triton X-100 Fluka N/A

Protein Peptide
protease inhibitor
TNF-a

Sigma Aldrich
R&D System
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Fig. 1. Effects of blood flow on the development of retinal CCMs under im-
paired CCM2 signalling.

Representative images of P7 (A) and P31 (B) retinas stained with isolectin B4 to
identify blood vessels in control (WT) and Ccm2®°X© mice after tamoxifen
treatment at P1. V: vein. CCM lesions are the areas marked by circles. Shear
stress is higher in the area close to the optic nerve and decreases towards the
periphery of the vascular plexus. Scale bars, 200 pm.

3. Results
3.1. CCM lesions in retina occur in regions of low blood flow

In line with previous report, in the retina of 7-day-old (P7) (Fig. 1A)
and 31-day-old (P31) (Fig. 1B) Ccm2 endothelial specific knockout
mice, CCM lesions present at the vein and periphery of venous plexus in
retinas [1,25] (Fig. 1). These are regions in the retina vasculature where
blood flow and FSS is the low [25-27]. The arteries, where blood flow is
higher, were thin and normal (Fig. 1) [28]. Thus, loss of Ccm2 results in
the abnormal vascular remodelling specifically in regions of low blood
flow. These results suggested that blood flow induced shear stress may
contribute to loss-of-CCM induced downstream signalling.

3.2. Silence of CCM2 induced KLF2/4 upregulation is dependent of shear
stress magnitude

KLF2/4 act downstream in the CCM pathway and are essential in
the development of CCM lesions [14,29]. KLF2/4 are also widely re-
ported as FSS induced genes [10,11].To investigate how FSS affects
loss-of-CCM gene induced signalling pathways, we first examined
KLF2/4 expression in CCM2-silenced EC subjected to various FSS from
0 to 15 dyn/cm?. HUVECs were used in most of the experiments, as a
model system as they have been widely used to explore the effect of FSS
on ECs and loss-of-CCM induced signalling pathways [10,29-33]. They
can be obtained in sufficient quantities to negate the need for extended
passage in culture or viral transformation, both of which result in
substantial changes in cell-cell junctions and other endothelial cell
characteristics. siRNA to CCM1 and CCM2 resulted in > 90% depletion
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Fig. 2. Upregulation of KLF2/4 is dependent on the magnitude of the shear
stress. (A) siRNA to CCM1 or CCM2 markedly reduces CCM1 or CCM2 ex-
pression in two types of ECs, HUVEC or brain microvessel ECs ()CMEC/D3). (B)
KLF2 and (C) KLF4 expression in control (si-Ctrl) and CCM2-silenced EC (si-
CCM2) at each of the FSS conditions. Expression is relative to the level in
control EC under static condition. Results are a single experiment re-
presentative of n = 4-5 independent experiments. (D) Pooled data of n = 4-5
independent experiments, of KLF2 and KLF4 expression levels normalized to si-
Ctrl treated EC under the relevant static, LSS or HSS conditions. Data represents
mean * SD *P < 0.05, **P < 0.01, ***P < 0.001, N'S: not significant, de-
termined by one-way ANOVA with Tukey correction.

of the mRNA in both HUVEC or hCMECs (Fig. 2A).

Under static conditions (FSS = 0), and consistent with previous
reports [29,34], KLF2/4 were lowly expressed in control cells but
massively increased with silencing of CCM2 (a representative HUVEC
line, Fig. 2B,C), giving a roughly 25 fold ratio (KLF2) and 8 fold ratio
(KLF4) between these two conditions (pool of 4-5 HUVEC lines,
Fig. 2D). Under high FSS (HSS 15 dyn/cm?), although KLF2/4 expres-
sion was increased in both CCM2 depleted and control cells, the dif-
ference between these two groups was diminished (Fig. 2B,C) to a ratio
without statistical significance (Fig. 2D). In the intermediate LSS con-
ditions (3.5 dyn/cm?), KLF2/4 expression in CCM2 depleted cells was
still much higher than that of control cells (Fig. 2B,C), with a ratio of
roughly 9 for KLF2 and 5 for KLF4 (Fig. 2D). It is also noteworthy that
in CCM2-silenced cells, maximum levels of KLF2/4 were induced under
LSS, and the levels were not changed with a further increase in FSS
(Fig. 2B,C). This is different to the case in the high flow vascular mal-
formation disease: hereditary hemorrhagic telangiectasia, where KLF2/
4 are significantly higher under both static and HSS [27]. These results
suggest a hyper-responsiveness of KLF2/4 expression to flow in the
absence of CCM2.

3.3. Silencing of CCM2 in the context of different FSS results in distinct
transcriptomic profiling

The above results suggested that CCM gene loss may allow an in-
appropriate expression of genes under LSS. To test this hypothesis, we
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applied RNA-seq based transcriptomic analysis to control or CCM2-si-
lenced EC, subjected to either LSS or HSS.

As anticipated there was a marked difference in the gene expression
pattern of control ECs between LSS and HSS conditions (comparison 1)
(Fig. 3A), with 1189 genes increased and 32 genes decreased. The
regulated genes included those previously reported as increased in ECs
by HSS such as SIRTI [35], ITGB1 [36] and HMGB1 [37], and de-
creased in ECs subjected to HSS such as IGFBP7 [38]. These genes are
important for proper vascular functions [35-38]. Thus, our model was
detecting flow and the cells were responding in the anticipated manner.

The pattern was also strikingly different between control and CCM2-
silenced cells under LSS (LSS-CCM) (Comparison 2 Fig. 3A) with 1382
genes (=2-fold change) differentially expressed (Fig. 3B). In sharp
contrast, in CCM2-silenced cells under HSS (HSS-CCM), only 29 were
differentially expressed (Comparison 3, Fig. 3A and C). Since KLF2 is
higher in LSS-CCM but not HSS-CCM (Fig. 2), the possibility existed
that the deregulated genes under LSS-CCM maybe KLF2-regulated
genes. To exclude this possibility, we performed a cross-validation with
373 deregulated genes induced by KLF2 overexpression in EC as pre-
viously reported [10]. Of these 373 genes, only 16 of these were also
induced under LSS-CCM (Fig. 3D). This would suggest that KLF2 is not a
major regulator of the differentially expressed genes under LSS-CCM.
Overall, this data suggests that shear stress may play a critical role in
the gene profiles conferred by loss-of-CCM2.

3.4. Effects of FSS on key loss-of-CCM2 induced pathways

We then investigated signalling pathways for the dysregulated genes
under LSS-CCM. Of the 1382 genes that were differentially expressed
under LSS-CCM (Comparison 2), 1281 genes were upregulated, whereas
only 9 genes were upregulated under HSS-CCM (Comparison 3)
(Fig. 4Ai). Those upregulated genes in the LSS conditions, included
ROCK1/2, TGFB2, TGFBR1, MYCBP, ITGB1 and AKT3, all involved in
CCM-related pathways, such as the actin cytoskeleton, WNT, TGF[3 and
VEGF signalling pathways (based on KEGG, Kyoto Encyclopedia of
Genes and Genomes analysis) (Fig. 4Ai, ii, Supplemental Tables 1, 2 and
Supplemental Fig. 1A-C) [2,3,5,29,39,40].

Our approach also allowed us to discover potential new pathways
associated with CCM development. A notable result was that a large
number of genes were enriched in gene sets involved in host-defence
and inflammatory responses (Fig. 4Aiii). Among these gene sets are
Toll-like receptors, NOD-like receptors and RIG-I-like receptors signal-
ling pathways, which are crucial for sensing microbiota-derived pa-
thogens peptidoglycan (PGN) fragments and endogenous danger-asso-
ciated molecules in the bloodstream [41,42]; Endocytosis signalling
pathway facilitating PGN across endothelial host barriers [42]; Nuclear
factor kB (NF-xB) and MAPK signalling pathways involved in the
transcriptional upregulation of pro-inflammatory and host-defence
genes. These results are in line with a recent report showing gut mi-
crobiome contributes to CCM pathology where TLR4 was involved [39]
(Supplemental Fig. 1D). Other gene pathways not previously implicated
in CCM pathology but regulated in our data set, include the NF-xB
activators TBK1 and TANK [43]; XIAP, BIRC2 and TAB2 involved in
NOD like receptor signalling pathway for gene activation [42]
(Fig. 4Aiii). We have validated some of the genes identified in our
screen and known to be involved in CCM development, including RhoA,
HIFla, TLR4 and TGFB1 (Fig. 4B), thus confirming the validity of our
screen.

Whilst the downregulated gene numbers were less impressive there
were some interesting changes. 101 of 1382 altered genes were
downregulated under LSS-CCM (Fig. 3, Comparison 2) whereas under
HSS-CCM only 20 genes were regulated (Fig. 3, Comparison 3), with 13
genes in common between these two data sets (Fig. 4Ci). Gene set
analysis of the 101 downregulated genes showed an enrichment in
genes involved in vascular development and angiogenesis under both
LSS-CCM and HSS-CCM (Fig. 4Cii) suggesting CCM2 is required for
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Fig. 3. Silencing of CCM2 under different FSS results in
distinct transcriptomic profiling. (A) Heatmap re-
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samples, and the y-axis shows the statistical significance of
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vascular development regardless of the FSS magnitude. This is con-
sistent with reports that CCM2 is required for proper assembly of head,
heart and intersomitic vasculature [34]. Further, of the 101 genes
downregulated under LSS-CCM, some are involved in the pathways that
contribute to CCM pathology, such as NOTCHI [25] and its down-
stream target, HES4 [44] and also a decrease in the anti-oxidant gene,
GPX1 [45-47]. In line with the loss of claudin-5 and decreased pericyte
coverage in the EC lining CCM lesion, SOX18, a transcription factor
regulating Claudin-5 expression [48], and PDGFB, a key molecule in-
volved in pericyte-endothelial interaction [49] are both down-regulated
(Fig. 4Ciii, D).

3.5. Loss-of-CCM2 induced RhoA-ROCK activity and actin reorganization
is dependent on shear stress magnitude

To further confirm FSS as an important component of loss-of-CCM
induced phenotypes, we investigated, under different FSS, the regula-
tion of the hallmark of CCM development, the increase in RhoA/ROCK
activity [2,14]. The RhoA-ROCK pathway was evaluated by staining for
pMLC and evaluating stress fibre content. In line with previous reports
[2,14], silencing CCM2 resulted in higher levels of pMLC under static

-1 1
log,(fold change)

LSS

condition (Fig. 5Aiv vs. i, and 5C). Under LSS conditions (3.5 dyn/cmz),
there was the anticipated increase in pMLC (Fig. 5Aii vs. i, 5C) in
control cells. LSS-CCM cells showed similar elevated levels of pMLC
when the cells were under LSS for either 1.5 or 24 h (Fig. 5Av vs. ii, vi
vs. iii, 5C). However, this difference disappears when cells were sub-
jected to HSS for either 1.5 or 24 h (Fig. 5B), with the level of pMLC
staining in CCM2-silenced EC reducing to a level similar to control EC
(Fig. 5Bv, vi, 5C). Thus the changes, due to CCM2 silencing are only
observable under LSS. Similar effects were seen for F-actin stress fibres
(Fig. 5D). Under static conditions, silencing of CCM2 increased the
formation of F-actin stress fibres (Fig. 5Div vs. i) [2] with the differ-
ences disappearing under HSS (Fig. 5Dv vs. ii, vi vs. iii, 5C). Thus, HSS
rescues the effects on F-actin stress fibres caused by silencing of CCM2
(Fig. 5Dvii), confirming the vascular protective effects of HSS [50].

3.6. CCM2-silencing induced ECs junction disruption and inflammatory
reaction is dependent of shear stress magnitude

We then investigated the effect of FSS on two other hallmarks of
CCM including ECs junctional reorganization [5,25], and inflammation
[5]. On the Y shape slide, FSS varies with position, with LSS seen in
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Fig. 5. CCM2 depletion induces RhoA activity that is dependent on the magnitude of the shear stress. RhoA activity as shown by staining of pMLC under LSS (A) or
HSS (B). (C) Quantification of phospho-MLC intensity in (A) and (B). (D) Phalloidin staining for cellular actin fibres after static or HSS treatment. Results are
representative of three independent experiments. Scale bars, 60 um. Data represents mean = SD *P < 0.05, **P < 0.01, N'S: not significant, determined by

Student's t-test.

areal and HSS in area 2 on the same slide [51] (Fig. 6A). In CCM2-
silenced cells under static conditions the junctions were weaker and
disorganized as shown by VE-cadherin staining (Fig. 6A iv vs. i). In the
LSS region (Area 1, predicted FSS is 0-5 dyn/cm?), the CCM2-silenced
cells show wide, discontinuous and diffuse staining for VE-cadherin
(Fig. 6Av), whereas control cells show a continuous VE-cadherin
staining with a closed zipper-like appearance, indicative of tightly ap-
posed junctions (Fig. 6Aii). In contrast, in the HSS (Area 2, 15 dyn/cm?)

region, both control and CCM2-silenced ECs showed less disruption in
VE-cadherin junctional staining and fewer gaps (Fig. 6Aiii and vi),
consistent with the known effect of HSS [50]. Indeed, the abundance of
VE-cadherin was similar between CCM2-silenced ECs and control
(Fig. 6Avii). Taken together, the results show that CCM2 is required for
ECs to form tight junctions under LSS.

Silencing of CCM1 or CCM2 in ECs resulted in a significant upre-
gulation of ICAM-1 (Fig. 6B), an inflammation marker known to
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Fig. 6. CCM2 depletion induces disruptive EC junctions and enhanced inflammation that is dependent on the magnitude of the shear stress.

(A) ECs with or without siRNA-CCM2 treatment were plated on a Y-shape slide and stained for VE-cadherin, as an indicator of EC junctional integrity. Area 1 and 2
are subjected to LSS and HSS, respectively. Results are representative of 3 independent experiments. Scale bars, 60 um and 250 pm(i-vi). VE-cadherin fluorescence
intensity was divided by width to get intensity score (vii). (B) Western blot analysis of ICAM-1 expression with quantification of n = 4 independent experiments. (C)
Microscopic images at the 45 degree branching area (area i) showing neutrophils adhering to hCMEC/D3 as assessed by in vitro adhesion assay. Red circle indicates
neutrophils. (D) Neutrophil adhesion was quantified as the number of adherent neutrophils per field of view at uniform laminar but at 100% (area ii) and 50% (area
iii) flow velocity regions in ibidi flow chambers. Scale bars, 60 um. Means * SD of 3 experiments reflect neutrophil counts from 5 fields per well. **P < 0.01,

***p < 0.001, N'S: not significant, determined by Student's t-test.

facilitate neutrophil adhesion and also regulated by FSS [18]. We in-
vestigated neutrophil adhesion in CCM1-silenced cells as knockdown of
CCM1 resulted in more upregulation than CCM2 (Fig. 6B), In area i FSS
continuously increased from left to right [51], and neutrophils pre-
ferentially attached to the lower FSS region (blue circle) in CCM1-si-
lenced ECs (Fig. 6C). In Areas ii and iii uniform laminar flow is seen in
both areas but FSS in area ii is twice the FSS in area iii [51]. ECs in HSS
regions (area ii) captured similar numbers of neutrophils between
control and CCM1-silenced ECs (Fig. 6D). However, in LSS region (area
iii), there was a significant increase in the number of neutrophils ad-
herent to CCM1-silenced ECs (Fig. 6D). Thus, LSS predisposes CCM-
silenced ECs to increased adhesion of neutrophils following stimulation
with the inflammatory cytokine, TNF.

3.7. CCM2 silencing induces oxidative stress under LSS

A further hallmark of CCM is increased oxidative stress in EC
[13,52,53]. FSS has also been shown to regulate oxidative stress in EC
[54,55]. Therefore, we investigated whether oxidative stress upon
CCM-depletion is flow responsive.

The RNA-seq data showed that some oxidative stress and redox-
sensitive pathways were up-regulated under LSS but not HSS. These
included NF-xB and KLF2/4. In addition, the PI3K-Akt pathway
(Supplemental Table 1), which lies upstream of NADPH oxidase 2 and
reactive oxygen species (ROS) [28] was also upregulated by loss-of-
CCM only under LSS. Further, HIF1a (Fig. 1B) and NF-kB related genes
which lie downstream of NAPDH/ROS (Fig. 4Aiii) were also upregu-
lated. These results imply that the oxidative stress pathway is highly
upregulated by loss-of-CCM under LSS but not HSS.

To further the link between oxidative stress induction and LSS, we
directly measured intracellular O2 — - production in CCM depleted EC
under various FSS conditions. In line with previous reports [52,53],
knockdown of CCM1 or CCM2 in HUVEC under static conditions in-
creased intracellular O2 — - production, shown by DHE staining [52,53]
(Fig. 7Ai, upper panel). Although LSS showed little change in the DHE
level under static conditions (Fig. 7Ai, middle panel), HSS markedly
inhibited the DHE level (Fig. 7Ai lower panel, Fig. 7Aii).

Our RNA-seq data also showed regulation of GPX1 [45,46], a crucial
antioxidant gene. GPX1 was decreased under LSS but not HSS in CCM2
depleted EC (Fig. 7Bi). This result was confirmed by real-time qPCR in
CCM1 or CCM2 silenced EC under varying FSS condition. (Fig. 7Bii).
Collectively, these results suggest HSS but not LSS rescues the effects on
oxidative stress caused by silencing of CCM2.

3.8. Loss of CCM2 enhances mechanotransduction sensitivity under LSS

FSS selectively upregulates ICAM-1 and downregulates VCAM-1
[56,57]. Silencing CCM2 also regulates ICAM-1 and VCAM-1 with the
same trend, together with KLF2/4 (Fig. 8A). Thus, there is a similarity
of response in ECs to FSS and to CCM2 depletion. Indeed, LSS-CCM2
ECs have highly comparable transcriptomic profiling with only 1 gene
significantly differently expressed (P-value < 0.05; FDR < 0.005; =2-
fold change) to the control ECs under HSS (Fig. 3A, Comparison 4).
Thus, in the absence of CCM2, the response to LSS by the ECs is similar
to those under HSS, which will be inappropriate. Since ECs sense FSS
via a range of molecular mechanosensors, these results indicate that

loss-of-CCM may cause an alteration in the mechanosensing apparatus.

FSS sensors in ECs include integrins [8], PECAM1 and VEGFR2
[58,59], and Tie-2 [60]. Loss of CCM2 is known to activate integrin 1
[29,61]. We measured VEGFR2 and Tie-2, after CCM2 deletion. Under
static and LSS conditions, silencing of CCM2 resulted in a significantly
increased expression of VEGFR2 and Tie-2 (Fig. 8B). Although HSS
increases gene expression in control ECs, there was significantly less
change in CCM2-silenced ECs. These results indicate that loss of CCM
genes may increase ECs sensitivity to LSS via altering mechanosensor
gene expression. Acute flow treatment also triggers fast activation and
nuclear translocation of the VEGFR2 tyrosine kinase as a response of
ECs [62]. This reaction is critical to mediate the transduction of shear-
stress signals into ECs [62]. In line with increased expression of
VEGFR2 (Fig. 8B), loss of CCM2 also translocated Tyr1175 VEGFR2 to
the nucleus (Fig. 8C), suggesting loss of CCM2 in ECs may sensitize the
endothelium to FSS through increasing the levels and activity of me-
chanosenory complex genes.

4. Discussion

CCM lesions occur in the brain and retina, regions of low blood flow
[12]. Despite recent progress in our understanding of CCM, only a
limited number of pathways have been identified which are involved in
the development of CCM lesions [2,5,14,29,33,39,63,64]. Further, the
understanding of the site-restricted development of the CCM lesions has
not been explained. We propose that shear stress contributes to the site
restricted development of lesions in conditions of CCM loss-of-function.
In support of this, we demonstrate, by RNA-sequence transcriptomic
analysis, that CCM-silencing under LSS but not under HSS induces
genotypic changes consistent with CCM lesion development. We further
show that the disrupted junctions, enhanced neutrophil adhesion and
induction of oxidative stress following CCM silencing occurred only
under LSS but not under HSS. Finally, we show that LSS, facilitated
changes in the expression of key molecules previously described in the
response to flow in EC where CCM1 or CCM2 were silenced. Mechan-
istically, loss of CCM alters the expression of genes known to be me-
chanosensors, thus suggesting that the endothelium inappropriately
responds to the FSS in the vessels within the regions of low blood flow.
Our data demonstrates a new model, that loss of CCM sensitizes EC
response to LSS in the capillary-venous vessels in retina and brain
[65,66]. In accordance with our findings, CCM1 has been shown to
control the sensitivity of ECs to hemodynamic forces during cardio-
vascular development [67]. We further suggest that LSS is a major
determinant of the development of the CCM lesions in the CNS.

Silencing of CCM2 in EC placed under HSS did not lead to a sig-
nificant change in gene expression compared to control cells. This was
demonstrated, under HSS, by lack of morphological changes in the state
of the junctions and by there being only 29 genes differently expressed
between control and CCM2-silenced ECs (> 2.0 fold change). Even
when we used =1.5-fold change as a cut-off, there were still only 92
genes changed under HSS. In contrast silencing of CCM2 under LSS
resulted in loss of junctional integrity and 2034 genes were differen-
tially regulated (> 1.5 fold). Thus, in the loss-of-function of CCM the
effect on the endothelium will be site specific, at least partially gov-
erned by the FSS. In arteries, where FSS is high, we predict that loss of
CCM will not cause major phenotypic changes. In contrast, EC in brain
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Fig. 7. Oxidative stress induced by depletion of CCM2 is rescued by high shear stress.
(A) (i) DHE fluorescence in negative control (si-ctrl), CCM1 or CCM2 depleted EC under static, LSS or HSS for 4 h. Images are representative of 4 independent

experiments. (ii) Average DHE intensity per field of view given as mean *

SD of 5 experiments. (B) (i) GPX1 levels in CCM2-depleted ECs under LSS from the RNA-

seq analysis, and (ii) confirmed by real-time qPCR in CCM1 or CCM2 depleted EC under various conditions. Data is shown as mean = SD of 5 experiments.
*P < 0.05, ***P < 0.001, N'S: not significant determined by one-way ANOVA with Tukey correction.

capillaries, being subjected to LSS, CCM2 is essential to exert its pro-
tective effect.

Our in vitro flow model also offers a unique tool to identify new
pathways contributing to CCM development. Firstly, GSEA analysis
(Supplementary Table 1) revealed 116 of 1281 upregulated genes are
involved in immune system gene set, suggesting a broader involvement
of the immune response than previously considered [68]. Indeed, pa-
thogen-infection and inflammation related signalling pathways are
highly enriched in CCM2-silenced EC under LSS but not under HSS.
Recently, the gut-bacterial triggered signalling, including but not lim-
ited to LPS-TLR4 signalling pathways, was shown to be a critical driver
of CCM formation [39]. Our results suggest that under LSS, silence of
CCM2 itself can trigger a pathogen-infection-like response in EC, or at

least prime the endothelium towards such a response. Signals from the
gut microbiome may then act as a second hit to strengthen the pa-
thogen-infection like response in LSS areas, such as the CNS, to trigger
or accelerate CCM development.

Secondly, CCM lesions are characterised by dilated capillaries [14].
The RNA-seq data showed upregulation in the CCM2-silenced cells
under LSS of many genes associated with outward remodelling or ne-
gative regulation of vasoconstriction, namely NOS3, MMP9, TWFI,
HIF1A, and LEPR [69-71]. In contrast, PDGFB, shown to induce inward
remodelling [72], was significantly downregulated. This could also
explain the loss of pericyte coverage in CCM lesions since PDGFB ex-
pression contributes to the recruitment of pericytes to vessels
[49,73-75].



J. Li, et al. BBA - Molecular Basis of Disease 1865 (2019) 165519

60~ B si-ccvzssicrl
|:| flow/static
5 4N
a
o
% 20+
= Wnano
€ 37
S
s 21
(T
T
z 14 8}4- BB
0' T -ID'
12 <™ N N
% W N N
£ L \0?' A(’v.
B v
N.S 6- *
6 * Kk

* c
< 2
0 a
@ g 44
& g l
o O]
: :
<

o

z E 2-
£ N
N QO
g [
< "

'\o 6% 6% 9\0 e\i 9\0
¥ 5 B 2P0 2 o
&® S 6‘&} N Q{o
T
i o 80-
si-Ctrl si-CCM2 B ”
3
2 o —
o
[}
-§ 40-
(S}
=]
c
& 201
w
[T]
>
a O

-VEGFR2 Y1175 : .
g si-Ctrl  si-CCM2
Fig. 8. Loss of CCM2 gene modulates molecular mechanosensor and enhances mechanotransduction sensitivity under LSS. (A) mRNA expression of KLF2/4, ICAM-1
and VCAM-1 under CCM2-silenced or FSS. (B) qPCR measurement of TIE-2 and VEGFR2 in control and CCM2-silenced EC under low and high FSS. (C) p-VEGFR2
staining in control or CCM2-silenced EC. Scale bars, 60 um. Representative images are presented. n = 3 independent experiments. Data represent mean = SD.
*P < 0.05, **P < 0.01, determined by Student's t-test.

11



J. Li, et al.

Lastly, other pathways, including the insulin, WNT, mTOR and c-
MET pathways were also highly regulated in CCM2-silenced ECs under
LSS but not under HSS suggesting their involvement in CCM mediated
signalling. Indeed, mTOR and defective autophagy have been pre-
viously shown to be involved in CCM development [76]. Further studies
to confirm the other potential signalling pathways and the scope of the
immune response in CCM pathologies are required.

Collectively, our data demonstrates that loss of CCM may reset the
response of ECs to LSS in part through altering the mechanosensory
complex. Indeed, the CCM complex has been shown to be directly
linked to key mechanosensory complex molecules such as VE-cadherin
and VEGFR2 [4,77]. We would argue that CCM2 is essential for this
complex to fine-tune its activity and respond appropriately to the LSS
that is seen in the capillary-venous vessels in retina and brain
[28,65,66]. Thus, our results suggest that the LSS that is seen in the
CNS, in the absence of a functional CCM complex, contributes to the
site-restricted development of CCM lesions.
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