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Abstract
Cerebral cavernous malformations (CCM) are low-flow vascular lesions prone to cause severe hemorrhage-associated neu-
rological complications. Pathogenic germline variants in CCM1, CCM2, or CCM3 can be identified in nearly 100% of CCM 
patients with a positive family history. In line with the concept that tumor-like mechanisms are involved in CCM formation 
and growth, we here demonstrate an abnormally increased proliferation rate of CCM3-deficient endothelial cells in co-culture 
with wild-type cells and in mosaic human iPSC-derived vascular organoids. The observation that NSC59984, an anticancer 
drug, blocked the abnormal proliferation of mutant endothelial cells further supports this intriguing concept. Fluorescence-
activated cell sorting and RNA sequencing revealed that co-culture induces upregulation of proangiogenic chemokine genes 
in wild-type endothelial cells. Furthermore, genes known to be significantly downregulated in CCM3−/− endothelial cell 
mono-cultures were upregulated back to normal levels in co-culture with wild-type cells. These results support the hypothesis 
that wild-type ECs facilitate the formation of a niche that promotes abnormal proliferation of mutant ECs. Thus, targeting 
the cancer-like features of CCMs is a promising new direction for drug development.
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Abbreviations
ADS  Amplicon deep sequencing
CCM  Cerebral cavernous malformations
CCMpos  Heterozygous or wild-type ECs
CCMneg  Mutant ECs
CI-huVECs  Constitutive immortalized human 

umbilical vein endothelial cells
EC  Endothelial cells
ECGM  Endothelial cell growth medium
FCS  Fetal calf serum
hBMEC-like cells  Human brain microvascular endothe-

lial-like cells
hESFM  Human endothelial serum-free 

medium
hiPSC  Human induced pluripotent stem cell
ITGB4  Integrin β4
PFA  Paraformaldehyde
RNP  Ribonucleoprotein
SD  Standard deviation
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Introduction

Cerebral cavernous malformations (CCMs), also known as 
cavernous haemangiomas or cavernomas, account for 10 to 
15% of all vascular lesions in the central nervous system [1]. 
In particular, hereditary CCMs tend to cause significant neu-
rological complications. Unfortunately, therapeutic options 
are still limited. Neurosurgical resection can be indicated in 
some cases but there is a substantial risk of early postopera-
tive morbidity for CCMs in the brainstem or other eloquent 
areas [2].

CCMs can be found in a sporadic and an autosomal domi-
nant form. The latter is associated with pathogenic germline 
variants in either CCM1 (aka KRIT1), CCM2, or CCM3 (aka 
PDCD10) [3]. Patients with familial CCMs, especially those 
with a pathogenic CCM3 variant, often present at a younger 
age with multiple cavernomas [3–5]. The number of vascular 
lesions can even increase over time. Despite our growing 
knowledge on CCM pathogenesis, it remains unclear why 
CCMs almost exclusively arise in the central nervous sys-
tem. Global Ccm3 gene disruption in mice induces embry-
onic lethality [6]. In acute models of conditional endothelial-
specific Ccm3 inactivation, numerous CCM lesions can be 
found that are primarily located in the cerebellum. Chronic 
models lead to fewer but more randomly distributed CCMs 
[7]. Interestingly, specific Ccm3 gene knockouts in astro-
cytes, neural cells, and brain mural cells can also induce 
CCM-like lesions in mice [8–10].

Genetic and immunohistochemical analyses of human 
cavernoma tissues have established a Knudsonian two-hit 
model for familial CCM disease [11–16]. Only when a 
somatic mutation inactivates the wild-type allele in a cell 
of a germline mutation carrier, CCM formation is initiated. 
With sophisticated transgenic Ccm3 mouse models, recent 
studies have shed light on the stages of CCM genesis and 
demonstrated that clonal expansion of mutant endothelial 
cells (ECs) and recruitment of wild-type or heterozygous 
ECs trigger early CCM formation and later lesion growth, 
respectively [17, 18].

By using human-induced pluripotent stem cell (hiPSC)-
derived vascular organoids and EC co-cultures, we here 
demonstrate that cancer-like proliferation of mutant ECs is 
only triggered by direct contact with wild-type ECs. The 
fact that the anti-cancer drug NSC59984, a small molecule 
known to induce constitutive phosphorylation of ERK2 and 
reactivate p53 signaling in cancer cells [19, 20], blocked the 
abnormal proliferation of CCM3-deficient ECs reinforced 
the hypothesis that some features of CCMs are reminiscent 
of tumorigenesis [17, 18]. Finally, our study reveals that 
wild-type ECs activate chemokine signaling pathways in co-
culture and thus provides insight into the poorly understood 
interaction of wild-type and mutant ECs.

Materials and methods

Cell culture

Constitutive immortalized human umbilical vein endothelial 
cells (CI-huVECs, HK0, 240615, InSCREENeX, Braunsch-
weig, Germany) [21] were cultured at 37 °C and 5%  CO2 in 
endothelial cell growth medium (ECGM, PromoCell, Hei-
delberg, Germany) supplemented with 10% fetal calf serum 
(FCS, Thermo Fisher Scientific, Waltham, MA, USA). 
Clonally expanded CI-huVEC lines with biallelic loss-of-
function variants in the first coding exon of CCM3 have been 
described before (Online Resource 1, [22, 23]). Pathogenic 
TP53 variants in CCM3−/− CI-huVECs were excluded using 
the NEXTflex TP53 Amplicon Panel (Bioo Scientific, Aus-
tin, TX, USA). CCM3 mutant and wild-type CI-huVECs 
were co-cultured in 96-well plates under standard culture 
conditions with the indicated mutant-to-wild-type ratios. 
2500 cells were seeded per well. To investigate the role of 
laminin-332, 2500 CCM3+/+ or CCM3−/− CI-huVECs were 
cultured for 6 days on 96-well plates coated with 1 µg/cm2 
human recombinant laminin-332 by Biolamina (LN332, 
Sunbyberg, Sweden). Wells were fixed on day 6 with 4% 
PFA and immunofluorescence staining was performed for 
laminin (1:50, sc-133178, Santa Cruz Biotechnology, Dallas, 
TX, USA) with goat anti-mouse, Alexa Fluor 488 secondary 
antibody (1:200, A-11029, Thermo Fisher Scientific).

The following endogenously tagged human iPSC lines 
as part of the Allen Cell Collection (Coriell Institute, Cam-
den, NJ, USA) were used in this study: AICS-0036-006 
(00003450):WTC-mEGFP-Safe harbor locus (AAVS1)-cl6 
and AICS-0054-091 (00007433):WTC-mTagRFPT-CAAX-
Safe harbor locus (AAVS1)-cl91. hiPSC lines were main-
tained at 37 °C and 5%  CO2 in Essential 8 Flex medium 
(Thermo Fisher Scientific) on plates coated with growth fac-
tor reduced matrigel (Corning Inc., Corning, NY, USA), pas-
saged with 0.5 mM EDTA (Thermo Fisher Scientific), and 
checked for the expression of the stem cell markers OCT4, 
SSEA4, SOX2, and TRA-1-60 using the PSC 4-Marker 
Immunocytochemistry Kit (Thermo Fisher Scientific). For 
AICS-0036 lines, a goat anti-mouse, Alexa Fluor 555 anti-
body (1:500, ab150114, Abcam, Cambridge, UK) and a goat 
anti-rat, Alexa Fluor 555 antibody (1:500, A-21434, Thermo 
Fisher Scientific) were used as secondary antibodies to stain 
for SSEA4 and SOX2. For the AICS-0054 line, a goat anti-
rabbit, Alexa Fluor 488 antibody (1:500, A-11008, Thermo 
Fisher Scientific) and a goat anti-mouse, Alexa Fluor 488 
antibody (1:500, A-21042, Thermo Fisher Scientific) were 
used as secondary antibodies to stain for OCT-4 and TRA-1-
60. The hPSC Genetic Analysis Kit (Stemcell Technologies) 
was used according to the manufacturer's instructions to 
exclude common chromosomal abnormalities. iPSC cultures 
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were regularly tested negative for mycoplasma contamina-
tion by PCR.

CRISPR/Cas9 genome editing in hiPSCs

For ribonucleoprotein (RNP)-mediated genome editing, 
hiPSC lines were transfected with sgRNA:Cas9 RNP-com-
plexes with the previously described target sequence located 
in exon 3 of CCM3 [23]. Briefly, 6 µM sgRNA and 6 µM 
S.p. Cas9 protein (Integrated DNA Technologies, Coralville, 
IA, USA) were complexed in Opti-MEM I reduced serum 
medium (Thermo Fisher Scientific), and transfection com-
plexes were formed in Opti-MEM with Lipofectamine Stem 
Transfection Reagent (Thermo Fisher Scientific). Cells were 
detached with StemPro Accutase (Thermo Fisher Scientific) 
and reverse transfected in Essential 8 medium (Thermo 
Fisher Scientific) supplemented with 10 µM ROCK inhibi-
tor Y-27632 (Stemcell Technologies, Vancouver, Canada) 
on growth factor reduced Matrigel-coated 24-well plates 
(30 nM final RNP concentration; 150,000 cells and 2.0 µl 
Lipofectamine Stem Transfection Reagent). After 24 h, 
the medium was replaced with Essential 8 Flex medium 
without ROCK inhibitor. To establish clonal lines, genome-
edited hiPSCs were seeded at a density of 0.5 cells/well on 
growth factor reduced Matrigel-coated 96-well plates and 
cultivated with Essential 8 Flex medium supplemented with 
CloneR (Stemcell Technologies). The genotypes of clonally 
expanded lines were determined by Sanger sequencing.

Differentiation of hiPSCs to hBMEC‑like cells

CCM3 +/+ AICS-0054  h iPSCs ,  CCM3 +/+ and 
CCM3−/− AICS-0036 hiPSCS were differentiated to human 
brain microvascular endothelial-like cells (hBMEC-like 
cells) according to the protocol of Neal and colleagues [24] 
with minor modifications. Briefly, 158,000 cells were seeded 
in Essential 8 Flex medium containing 10 µM Y-27632 on 
growth factor reduced Matrigel-coated 6-well plates. After 
24 h, differentiation was initiated by substituting Essential 
8 Flex with Essential 6 medium (Thermo Fisher Scien-
tific). The medium was changed daily for 4 days. On day 
4, the medium was switched to Human Endothelial Serum-
Free Medium (hESFM, Thermo Fisher Scientific) supple-
mented with FGF-2 (Miltenyi Biotec, Bergisch Gladbach, 
Germany), retinoic acid (Sigma-Aldrich, St. Louis, MO, 
USA), insulin (Sigma-Aldrich), holo-transferrin (Sigma-
Aldrich), and sodium selenite (Sigma-Aldrich). After 48 h, 
cells were replated on 24-well plates coated with colla-
gen IV from human placenta (Sigma-Aldrich) and human 
plasma fibronectin (Sigma-Aldrich). 24 h later, medium 
was changed to hESFM supplemented with insulin, holo-
transferrin, and sodium selenite until confluency was 
reached. Differentiated hBMEC-like cells were passaged 

and expanded in EndoGRO-MV medium (Merck) supple-
mented with 1 ng/ml FGF-2. High expression of the tight 
junction proteins occludin and claudin-5 was verified by 
immunofluorescence microscopy. Cells were fixed with 4% 
PFA, stained for occludin (1:100, OC-3F10, Thermo Fisher 
Scientific) and claudin-5 (1:50, 4C3C2, Thermo Fisher 
Scientific) at 4 °C overnight, and incubated with a second-
ary antibody (1:200, A-11029, Thermo Fisher Scientific 
or 1:200, ab150114, abcam) for 2 h at room temperature. 
HBMEC-like cells were also seeded on matrigel-coated 
96-wells at a density of 20.000 cells/well in hESFM sup-
plemented with insulin, holo-transferrin, sodium selenite, 
and 50 ng/ml VEGF to verify tube formation. Images were 
acquired after 18 h. To study the proliferation character-
istics of mutant hBMEC-like cells, CCM3+/+ AICS-0054 
hBMEC-like cells and CCM3+/+ or CCM3−/− AICS-0036 
hBMEC-like cells were mixed in a 9:1 ratio (2500 cells per 
96-well) and cultured for 6 days. On day 6, cells were fixed 
with 4% paraformaldehyde (PFA) or replated on 96-well 
plates (2500 cells per well). On day 12, the wells were fixed, 
and Hoechst 33342 (Thermo Fisher Scientific) staining was 
performed for subsequent fluorescent imaging analysis with 
the EVOS FL imaging system. The ratio of EGFP-tagged 
AICS-0036 cells compared to all cells was determined using 
the ImageJ software. Differentiated hBMEC-like cells were 
used in passages 3 and 5.

Differentiation of hiPSCs to vascular organoids

hiPSCs were differentiated to vascular organoids according to 
the protocol of Wimmer and colleagues [25]. To study the pro-
liferation characteristics of mutant cells, CCM3+/+ AICS-0054 
hiPSCs and CCM3+/+ or CCM3−/− AICS-0036 hiPSCS were 
mixed in a 9:1 ratio and differentiated to vascular organoids. 
Briefly, 800,000 hiPSCs were seeded in ultra-low attachment 
6-well plates (Corning) in aggregation medium for 2 days until 
aggregates had formed. On day 0, mesodermal induction was 
initiated with CHIR99021 (Tocris Bioscience, Bristol, United 
Kingdom) and BMP-4 (Miltenyi Biotec) in N2B27 medium. 
Supplementation of VEGF-A (PeproTech, Inc., Rocky Hill, NJ, 
USA) and forskolin (Sigma-Aldrich) on day 3 induced vascular 
differentiation. On day 5, vascular aggregates were embedded 
in a collagen I-Matrigel matrix. VEGF-A, FGF-2 (Miltenyi 
Biotec), and FCS (Thermo Fisher Scientific) enriched Stem-
Pro-34 medium (Thermo Fisher Scientific) was added for ves-
sel sprouting. Vascular network extraction was performed on 
day 10. On day 15, fully encapsulated organoids were fixed 
with 4% PFA, and nuclei staining was performed using Hoe-
chst 33342 (Thermo Fisher Scientific). Fixed organoids were 
suspended in ibidi mounting medium (ibidi, Gräfelfing, Ger-
many) and placed in 96-well cell imaging plates (Eppendorf 
AG, Hamburg, Germany). Imaging was performed using the 
Operetta CLS High-Content Imaging System (PerkinElmer, 
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Waltham, MA, USA). Data were analyzed with the Harmony 
High-Content Imaging and Analysis Software (version 4.9, 
PerkinElmer).

Fusion organoids originating from the combination and 
co-culture of vascular networks acquired from CCM3+/+ and 
CCM3−/− cells were used to study the effect of NSC59984 
in hiPSC derived vascular organoids. 8 ×  105 AICS-0054 
CCM3+/+ cells, AICS-0036 CCM3+/+ cells and AICS-0036 
CCM3−/− cells were differentiated into vascular networks as 
described previously [25]. Vascular networks derived from 
AICS-0054 CCM3+/+ hiPSCs were co-cultured with AICS-
0036 CCM3+/+ or AICS-0036 CCM3−/− vascular networks 
in the presence of 10 µM NSC59984. Medium supplemented 
with NSC59984 was changed every three days. On day 3 of 
co-culture, completely encapsulated fusion organoids were 
obtained and further cultivated until organoid examination on 
day 5 and day 10.

Clonogenic and proliferation assays

Plating efficiencies were determined following a previously 
published protocol [26]. In brief, CCM3+/+ and CCM3−/− 
CI-huVEC were seeded in 6-well plates as near-perfect single 
cell suspensions with either 100 or 250 cells per well. Colonies 
were fixed and stained after eight days with a glutaraldehyde 
solution (G6257, Sigma-Aldrich, final concentration 6%) and 
crystal violet (HT901, Sigma-Aldrich, final concentration 
0.5%). The plating efficiency was defined as the ratio between 
the number of colonies and the number of plated cells. The 
proliferation rate of mutant and wild-type ECs in mono-cul-
ture was quantified with the CyQuant Cell Proliferation Assay 
Kit (C7026, Thermo Fisher Scientific). To discriminate the 
proliferation rates of CCM3+/+ and CCM3−/− CI-huVEC in 
co-culture, the CyQuant Cell Proliferation Assay results were 
combined with mutant allele frequencies that had been deter-
mined by amplicon deep sequencing. In detail, measured RFU 
from the proliferation assay experiment were converted to cell 
numbers using a reference standard curve (RFU vs. cell num-
ber). These numbers represent the total cell number of a rep-
licate at a given time point in the experiment. Subsequently, 
total cell number was multiplied by the allele frequency of 
a specific genotype. Allele frequencies were calculated from 
amplicon deep sequencing experiments performed in par-
allel with the proliferation assays. Since we used CCM3−/− 
CI-huVEC in co-culture experiments that were either com-
pound heterozygous or homozygous for loss-of-function 
alleles, the calculated allele frequency of a genotype cor-
responds to the proportion of cells with that genotype. For 

genotype-specific proliferation rates, the calculated cell num-
ber was normalized to the calculated cell number at day 0.

Caspase‑3, caspase‑8, and caspase‑9 activity assays

To analyze their sensitivity to apoptosis, mutant and wild-
type ECs were seeded in 96-well plates with 15,000 cells 
per well and treated with staurosporine (Sigma-Aldrich) 
24 h later. The Caspase-3 DEVD-R110 Fluorometric HTS 
Assay Kit (Biotium, Fremont, CA, USA), the Cell Meter 
Caspase 8 Activity Apoptosis Assay Kit (AAT Bioquest, 
Sunnyvale, CA, USA), and the Cell Meter Caspase 9 
Activity Apoptosis Assay Kit (AAT Bioquest) were used 
following the manufacturer’s instructions.

Protein extraction, antibody arrays, western blot 
and ELISA analyses

For the Human Apoptosis Antibody Array (ab134001, 
Abcam), proteins were extracted with PeqGold TriFast 
reagent (Peqlab-VWR, Radnor, PA, USA) and solu-
bilized in buffer containing 8 M Urea, 2 M Thio-Urea, 
and 20 mM Tris. For the Human MAPK Phosphoryla-
tion Antibody Array (ab211061, Abcam), proteins were 
extracted according to the manufacturer's instructions. 
For Western Blot analyses, proteins were extracted with 
PeqGold TriFast reagent or RIPA Lysis and Extraction 
Buffer (Thermo Fisher Scientific). A Qubit Protein Assay 
Kit (Thermo Fisher Scientific) or a Micro BCA Protein 
Assay Kit (Thermo Fisher Scientific) was used to measure 
protein concentrations. The Human Apoptosis Antibody 
Array-Membrane Kit was used according to the manufac-
turer’s instructions to analyze the expression of apopto-
sis-related proteins in CCM3+/+ and CCM3−/− CI-huVEC 
after 24 h of treatment with 0.05 µM staurosporine. The 
Human MAPK Phosphorylation Antibody Array Kit 
was used according to the manufacturer's instructions 
to analyze the expression of MAPK pathway markers 
in CCM3+/+ and CCM3−/− CI-huVECs after co-culture. 
600 µg of total protein was incubated for each membrane, 

[proliferation rate (in%)genotype

=

(

RFU ∗ Fstandard curve ∗ Fgenotype allele frequency
)

day d
(

RFU ∗ Fstandard curve ∗ Fgenotype allele frequency
)

day 0

∗ 100%]
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and chemiluminescence signals were documented with 
a ChemiDoc XRS+ imager (Bio-Rad, Hercules, Califor-
nia, USA). Densitometry data were obtained using the 
ImageLab software (v6.0, Bio-Rad). For CCM3 and p21 
Western Blot analyses, protein samples were suspended 
with Laemmli Sample Buffer (Bio-Rad) and heated at 
95 °C for 5 min. For p53, heat denaturation was perfomed 
under reducing conditions. 20 µg (p21), 30 µg (CCM3) or 
40 µg (p53) of total protein were separated on a 10% TGX 
Stain-Free FastCast SDS-polyacrylamide gel (Bio-Rad) 
and subsequently transferred to PVDF membranes. The 
iBind Flex Western System (Thermo Fisher Scientific) was 
used for immunostaining according to the manufacturer's 
instructions. The following primary antibodies were used: 
Anti-PDCD10/CCM3 (1:200, ab110531, Abcam or 1:200, 
ab180706, Abcam), Anti-p21 (1:1000, ab109520, Abcam), 
Anti-p53 (1:40, sc-126, Santa Cruz Biotechnology, Dallas, 
TX, USA) and Anti-GAPDH (1:500, PA1-16777, Thermo 
Fisher Scientific). A HRP-conjugated goat anti-rabbit 
immunoglobulin antibody (1:400, ab205718, Abcam) or 
a HRP-conjugated goat anti-mouse immunoglobulin anti-
body (1:400, ab205719, Abcam) with Precision Protein 
StrepTactin-HRP Conjugate (1:2000, Bio-Rad) were used 
as secondary antibodies. Detection of proteins was per-
formed using Clarity Western ECL Substrate (Bio-Rad). 
Stain-free total protein and colorimetric protein bands 
were documented using a ChemiDoc XRS+ imager. The 
ImageLab software was used to calculate normalized band 
intensities. To calculate the relative protein expression, 
the volume intensities of the detected protein bands were 
normalized to the volume intensities of the corresponding 
GAPDH bands. The detection of GAPDH was performed 
after stripping the membrane with ROTI Free Stripping 
Buffer 2.2 plus (Carl Roth, Karlsruhe, Germany) for 1 h 
at room temperature.

To examine p53 activity, the p53 Transcription Fac-
tor Assay Kit (Cayman Chemical Company, Ann Arbor, 
MI, USA) was used according to manufacturer's instruc-
tions. Nuclear extracts were isolated from CCM3+/+ and 
CCM3−/− cells using the Nuclear Extraction Kit (Cayman 
Chemical Company). 10 µg of nuclear extracts were incu-
bated for each well at 4 °C overnight. Signal was measured 
at  OD450nm using an Infinite M200 Plate Reader (Tecan, 
Männedorf, Switzerland).

Apoptosis compound library screen and amplicon 
deep sequencing

An apoptosis compound library with 189 small molecules 
was used in a high throughput screening approach [HY-
L003(HY-LD-000001651); MedChem Express, Monmouth 
Junction, NJ, USA]. Co-cultures were treated with 10 µM 
of each substrate for 6 days. Compounds were added 5 h 

and 3 days after cell seeding. NSC59984 (IUPAC: (2E)-
1-(4-Methyl-1-piperazinyl)-3-(5-nitro-2-furyl)-2-propen-
1-one, HY19726, MedChem Express), isoalantolactone 
(IUPAC: (3aR,4aS,8aR,9aR)-8a-Methyl-3,5-bis(methylene)
decahydronaphtho[2,3-b]furan-2(3H)-one, HY-N0780, 
MedChem Express), and GSK-872 (IUPAC: N-(6-pro-
pan-2-ylsulfonylquinolin-4-yl)-1,3-benzothiazol-5-amine, 
HY-101872, MedChem Express) were used for individual 
experiments with the indicated concentrations. DMSO-
treatment (A994, Carl Roth) served as control. After 6 days, 
the fraction of mutant alleles in co-culture was analyzed by 
amplicon deep sequencing. In brief, the genomic target 
region was amplified by PCR. For NGS analysis, sequenc-
ing adapters and individual barcodes were introduced in a 
second PCR [22, 23]. Sequencing libraries were pooled and 
sequenced on a MiSeq instrument with 2 × 150 cycles (Illu-
mina, San Diego, CA, USA). Data were analyzed with the 
SeqNext software (JSI Medical Systems, Ettenheim, Ger-
many). The following compounds were tested for the ability 
to abrogate NSC59984-mediated inhibition of clonal expan-
sion: UC2288 (Sigma-Aldrich), SCH772984 (Hycultec, 
Beutelsbach, Germany), and U0126-ETOH (Hycultec). 
Substances were supplemented 5 h and 3 days after seeding. 
Amplicon deep sequencing was perfomed at day 6.

Integrin antibody‑array, ITGB4 qPCR and staining, 
FACS sorting

The β-Integrin-mediated Cell Adhesion Array Kit (ECM534, 
Sigma-Aldrich) was used according to the manufacturer’s 
instructions to quantify cell surface expression of β1, β2, 
β3, β4, αVβ5, and α5β1 integrins of CCM3+/+ and CCM3−/− 
CI-huVECs. Fluorescence intensity was measured with 
the Qubit 4 Fluorometer (Thermo Fisher Scientific). For 
immunofluorescent imaging, CI-huVECS were cultured on 
96-well plates until confluency was reached. Mouse anti-
integrin β4 (ITGB4) antibody (1:100, MAB2059Z, Merck, 
Darmstadt, Germany) was added to the culture medium, and 
cells were incubated for 1 h at 37 °C and 5%  CO2. Cells were 
washed three times with culture medium and incubated for 
1 h at 37 °C and 5%  CO2 with goat anti-mouse, Alexa Fluor 
488 secondary antibody (1:200, A-11029, Thermo Fisher 
Scientific). Subsequently, cells were washed three times 
in culture medium and imaged with the EVOS FL imag-
ing system (Thermo Fisher Scientific). For qPCR analysis, 
mRNA was transcribed into cDNA using the First Strand 
cDNA Synthesis Kit (Thermo Fisher Scientific). SYBR 
Green-based qPCR analysis was performed on a Roche 
Light Cycler 480 instrument (Roche, Mannheim, Ger-
many) to validate deregulated gene expression of ITGB4. 
The gene RPLP0 served as an endogenous control. The 
following primer pairs purchased from Integrated DNA 
Technologies were used: ITGB4—5′-CTA CTA CGA GAA 
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GCT TCA CAC-3′ and 5′-GAC CCA GTC CTC GTC TTC 
TG-3′; RPLP0—5′-TCG ACA ATG GCA GCA TCT AC-3′ and 
5′-ATC CGT CTC CAC AGA CAA GG-3′. For FACS sorting 
of co-cultured CI-huVECs, 1–2 million cells were seeded 
on T75-flasks in a 2:3 ratio of mutant to wild-type cells and 
cultured for three days. Cells were dissociated with Accutase 
and stained with mouse anti-integrin β4 antibody (1:200) 
and goat anti-mouse, Alexa Fluor 488 secondary antibody 
(1:200). Cells were resuspended in PBS and flow cytometry 
was used for sorting (BD FACSAria III Cell Sorter; BD Bio-
sciences, Franklin Lakes, NJ, USA). The RNA of  ITGB4high 
and  ITGB4low fractions were extracted in TRI Reagent for 
fluid samples (Sigma-Aldrich). The purity of fractions was 
confirmed on DNA, RNA, and protein level. DNA and 
RNA were extracted to evaluate purity via amplicon deep 
sequencing and qPCR, respectively. For transcript analyses, 
the CCM3 qPCR assay PrimeTime Hs.PT.58.38574999 
(Integrated DNA Technologies) was used.

RNA sequencing and qPCR analyses

Extracted RNA was purified using the Direct-zol RNA Mini-
Prep Plus Kit (Zymo Research, Irvine, CA, USA). If neces-
sary, isolated RNA was concentrated with the RNA Clean & 
Concentrator-5 Kit (Zymo Research). A Qubit 4.0 (Thermo 
Fisher Scientific) and the Qubit RNA BR Assay Kit (Thermo 
Fisher Scientific) were used to measure RNA concentrations. 
RNA sample integrity was controlled on a 2100 Bioana-
lyzer using the RNA 6000 Nano Kit (Agilent, Santa Clara, 
CA, USA). RNA-seq libraries were prepared via polyA 
selection and sequenced on an Illumina NovaSeq platform 
(Illumina) with 2 × 150 cycles by GENEWIZ (Leipzig, Ger-
many). Reads were trimmed to remove adapter sequences 
using Trimmomatic v.0.36 and mapped to the Homo sapiens 
GRCh37 genome with STAR aligner v.2.5.2b. The software 
featureCounts from the Subread package v.1.5.2 was used 
to extract unique gene hit counts. For targeted RNA-analy-
sis, a QIAseq Targeted Human Apoptosis and Cell Death 
RNA Panel (RHS-002Z, QIAGEN, Hilden, Germany) was 
used to prepare RNA sequencing libraries according to the 
manufacturer’s instructions. After quality control with the 
High Sensitivity DNA Kit on a 2100 Bioanalyzer instrument 
(Agilent), the pooled libraries were sequenced on a MiSeq 
(Illumina) with 1 × 151 cycles. Differential gene expression 
of RNA sequencing data was carried out using the QIAseq 
Targeted RNA Primary and Secondary Analysis Tool (QIA-
GEN). The PrimeTime assays Hs.PT.58.40874346.g and 
Hs.PT.58.38974274 (Integrated DNA Technologies) were 
used to measure CDKN1A and GADD45A gene expression. 
The gene RPLP0 served as an endogenous control.

Statistical analysis

The GraphPad Prism software (v.8.0.1, GraphPad Software, 
LA Jolla, CA, USA) was used for statistical analysis. Unless 
stated otherwise, all data are presented as mean and stand-
ard deviation (SD). For analyses of two or more groups, 
multiple t tests, one- and two-tailed Student’s t test, and 
one- and two-way ANOVA were used. Dunnett’s or Šidák's 
corrections were applied for multiple comparisons. P val-
ues or adjusted p values < 0.05 were regarded as statistically 
significant. For genome-wide RNA-seq, differential gene 
expression analysis was performed using DESeq2. P values 
and log2 fold changes were generated using the Wald test. 
Genes were regarded as differentially expressed between 
compared groups with an adjusted p value < 0.05 and an 
absolute log2 fold change > 1. Gene ontology analysis was 
performed using the GeneSCF v.1.1-p2 software combined 
with the goa_human GO list to cluster genes based on bio-
logical processes.

Results

CCM3 inactivation alone does not trigger EC 
proliferation

To compare the growth and survival characteristics of wild-
type and mutant ECs, we first plated single-cell suspensions 
of CCM3+/+ and CCM3−/− CI-huVECs, and analyzed their 
ability to grow into colonies. We observed a significantly 
higher clonogenic capacity of mutant CI-huVECs. The plat-
ing efficiency of mutant compared to wild-type ECs was 
actually three times higher (Fig. 1a). However, CI-huVECs 
in which the CCM3 gene had been disrupted by CRISPR/
Cas9 genome editing did not display significantly different 
proliferation rates (Fig. 1b). Next, we stimulated apoptotic 
cell death in CCM3−/− and CCM3+/+ CI-huVECs with stau-
rosporine and found significantly higher survival rates of 
mutant ECs (Online Resource 2). Two, eight, and twenty-
four hours after staurosporine treatment, the activity of cas-
pase-3, which is a major effector caspase in apoptosis, was 
also significantly lower in CCM3−/− CI-huVECs (Fig. 1c). 
Profiling the relative expression of 43 apoptosis-related 
proteins verified the reduced fraction of active caspase-3 
but revealed no other significantly up- or downregulated 
targets in CCM3−/− CI-huVECs (Fig. 1d, Online Resource 
3). Caspase-3 is proteolytically activated by upstream cas-
pases of the intrinsic and extrinsic pathways of apoptosis. 
Our protein array did not specifically detect the active forms 
of caspase-8 (extrinsic pathway) and caspase-9 (intrinsic 
pathway). Therefore, we used specific fluorogenic indica-
tors to measure their activities. Both were slightly reduced 
in mutant compared to wild-type ECs after staurosporine 
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treatment (Fig. 1e, f). These results demonstrate that mutant 
ECs have a survival advantage under specific stress condi-
tions. However, unstressed CCM3−/− mono-cultures do not 
show abnormal proliferation.

Only direct co‑culture with wild‑type cells 
stimulates abnormal proliferation of mutant ECs

To mimic the mosaic endothelial pattern in CCM tissue, 
in which the number of mutant ECs is usually much lower 
than the number of wild-type cells [15–18], we co-cul-
tured CCM3−/− with CCM3+/+ CI-huVECs in a 1:9 ratio 
for six days (Fig. 2a). When we combined the results of 

Fig. 1  Inactivation of CCM3 gene expression in human ECs causes 
resistance to apoptosis and increased clonogenicity. a CCM3−/− and 
CCM3+/+ CI-huVECs were seeded as (near-perfect) single-cell sus-
pensions in 6-well plates with either 250 or 100 cells per well. Colo-
nies were stained with crystal violet after eight days. Representa-
tive images are shown for both genotypes. The plating efficiency of 
CCM3−/− CI-huVECs was significantly increased under both seeding 
conditions (n = 4 per genotype). b CCM3 inactivation did not sig-
nificantly enhance proliferation of CI-huVECs under standard cul-
ture conditions (n = 9 per genotype). c CI-huVECs were treated with 
staurosporine (0.05  µM or 0.25  µM) to induce apoptotic cell death. 
After 2, 8, and 24  h, the caspase-3 activity was markedly reduced 

in CCM3−/− CI-huVECs (n = 3 per genotype). d A human apoptosis 
antibody array assay verified the reduction of active caspase-3 levels 
in staurosporine-treated (0.05 µM, 24 h) CCM3−/− CI-huVECs (n = 3 
per genotype). Representative array membranes are shown for both 
genotypes. Green rectangles mark active caspase-3. No significant 
differences were found for other apoptosis markers. e, f The activities 
of caspase-8 (e) and caspase-9 (f) were also slightly reduced in stau-
rosporine-treated (0.05  µM or 0.25  µM, 8  h) CCM3−/− CI-huVECs 
(n = 3 per genotype). RFU = relative fluorescence units. Data are pre-
sented as mean and SD. Student’s two-tailed t tests (a–c, e, f) were 
used for statistical analyses: *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001
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fluorescence-based cell proliferation assays with amplicon 
deep sequencing data, we found increasing mutant allele 
frequencies over time (Fig. 2b) and significantly higher pro-
liferation rates of mutant ECs compared to wild-type cells in 
co-culture (4124% vs. 793% after 144 h, Fig. 2c). This effect 
was also evident in co-cultures with very low mutant:wild-
type ratios (from 5:95 to 1:99, Online Resource 4). However, 
it completely vanished upon reversal of this ratio (from 95:5 
to 99:1, Online Resource 4). Next, we asked whether the 
proliferative advantage of mutant ECs in co-culture depends 
on cell–cell interactions or can also be triggered by paracrine 
signaling alone. Thus, we studied the effect of conditioned 
medium on the proliferation rates of CCM3−/− and CCM3+/+ 
CI-huVECs (Fig. 2a). When we cultured mutant ECs in con-
ditioned medium of wild-type ECs, we detected no increased 
proliferation. In line with this observation, the conditioned 
medium of mutant ECs did not affect the mitotic activity 
of wild-type cells (Fig. 2d). Thus, direct cell contact with 
CCM3+/+ CI-huVECs is indispensable to trigger the prolif-
eration of CCM3−/− ECs in co-culture.

CCM3 acts as suppressor of abnormal proliferation 
in vascular ECs but not in hiPSCs

We next asked whether CCM3 gene disruption also trig-
gers abnormal proliferation of mutant hiPSCs in co-culture 
with wild-type hiPSCs. To answer this question, we used 
CRISPR/Cas9 genome editing to inactivate CCM3 gene 
expression in mEGFP-tagged AICS-0036 hiPSCs (Online 
Resource 5). The CCM3 knockout had neither an effect on 
the morphology of the hiPSC colonies nor on the expres-
sion of the pluripotency markers TRA-1-60, SOX2, OCT4, 
and SSEA4 (Fig.  3a). After we had excluded recurrent 
genomic instabilities and verified the CCM3 knockout on 
protein level (Fig. 3b, Online Resource 5), mEGFP-tagged 
CCM3−/− AICS-0036 hiPSCs and mTagRFPT-tagged 
CCM3+/+ AICS-0054 hiPSCs were mixed in a 1:9 ratio 
and cultured for up to eight days. Interestingly, no abnor-
mal proliferation of mutant hiPSCs was observed in co-
culture with wild-type hiPSCs (Fig. 3c, d). To exclude a 
cell-type-specific effect of the striking cancer-like prolifera-
tion of CCM3−/− CI-huVECs in co-culture, we differenti-
ated hiPSCs into human brain microvascular endothelial-like 
cells (hBMEC-like cells; Fig. 4a, Online Resource 6) and 

Fig. 2  CCM3−/− CI-huVECs demonstrate increased prolifera-
tive activity when directly co-cultured with CCM3+/+ ECs. a 
CCM3−/− CI-huVECs were either directly co-cultured with CCM3+/+ 
CI-huVECs or with conditioned medium of CCM3+/+ CI-huVECs. 
In parallel, CCM3+/+ CI-huVECs were cultured with condi-
tioned medium of CCM3−/− CI-huVECs. Knockout and wild-type  
CI-huVECs cultured in unconditioned growth medium served as 
controls. Proliferation was analyzed at the indicated time points. b, c 
In direct co-culture, the proportion of CCM3 knockout alleles mark-

edly increased over time (b), and CCM3−/− CI-huVECs proliferated 
significantly more (c) (n = 3 per condition). d CCM3−/− CI-huVECs 
were cultured with conditioned medium from CCM3+/+ CI-huVECs 
and vice versa. Unconditioned growth medium was used as control. 
The conditioned medium alone did not influence the proliferation rate 
of CCM3−/− CI-huVECs (n = 3 per condition). Data are presented 
as mean and SD. Student’s two-tailed t tests were used for statistical 
analyses: *P < 0.05, **P < 0.01, ***P < 0.001
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co-cultured CCM3−/− and CCM3+/+ hBMEC-like cells in a 
1:9 ratio. Within 6 to 12 days, the percentage of mutant cells 
in co-culture increased to 41.2% (SD 15.97) and 69.0% (SD 
11.42), respectively (Fig. 4b, c). No abnormal proliferation 
was observed in co-cultures of mEGFP-tagged CCM3+/+ 
hBMEC-like cells and mTagRFPT-tagged CCM3+/+ 
hBMEC-like cells (Fig. 4b). 

In vivo, endothelial proliferation acts in concert with dif-
ferentiation, migration, and interaction of ECs with other 
cell types and the extracellular matrix [27]. This complex 
interplay can hardly be reproduced in 2D cultures alone. 
Thus, we utilized hiPSC-derived vascular organoids which 
have been described as powerful tool to study vasculopathies 
in 3D cultures [28]. When we differentiated co-cultures of 
mutant and wild-type hiPSCs to mosaic vascular organoids 
(Fig. 4d), we found no apparent defects of the vascular net-
work but a strikingly increased proliferation of mutant cells 
(Fig. 4e, f). Like in human CCM lesions, CCM3-deficient 
cells did not form clusters but were found in a mosaic pat-
tern with wild-type cells instead. Together, these results 

prompted us to address the abnormal mutant cell prolifera-
tion and their interaction with wild-type cells in more detail.

Co‑culture activates cytokine signaling in wild‑type 
and cell proliferation pathways in mutant ECs

A better understanding of the interplay between mutant ECs 
and wild-type or heterozygous ECs in mosaic CCM lesions 
appears to be essential for the development of targeted thera-
peutic approaches. Therefore, we decided to study the gene 
expression profiles of CCM3−/− and CCM3+/+ CI-huVECs 
in mono-culture and direct co-cultures. Using a ß-integrin-
mediated cell adhesion array and specific immunofluores-
cence imaging, we identified high expression of the integrin 
subunit ß4 (ITGB4), which is known to form a heterodi-
mer with integrin α6, as a marker for CCM3−/− CI-huVECs 
(Fig. 5a, b). Consistent with published gene expression data 
of other groups (Online Resource 7), ITGB4 mRNA levels 
were upregulated 20-fold in CCM3−/− CI-huVECs (Fig. 5c). 
Integrin α6β4 is a specific receptor for laminin-332 and the 

Fig. 3  CCM3-deficient hiPSCs show no abnormal proliferation in co-
culture with wild-type hiPSCs. a CCM3−/− AICS-0036 hiPSC dem-
onstrated typical hiPSC morphology (representative images; top left, 
scale bar: 500 µm) and strong expression of the pluripotency markers 
TRA-1–60, OCT4, SOX2, and SSEA4 (representative images; mid-
dle and right panels, scale bar: 200 µm). The mEGFP-tagged cytosol 
of CCM3−/− AICS-0036 hiPSC is shown in the bottom left subpanel 
(scale bar: 50 µm). b Western blot analysis verified CCM3 inactiva-

tion in CCM3−/− AICS-0036 hiPSCs. GAPDH was used as a loading 
control (n = 3 per genotype). c, d CCM3−/− AICS-0036 hiPSCs were 
mixed with CCM3+/+ AICS-0054 hiPSCs in a 1:9 ratio and co-cul-
tured for 8 days. CCM3+/+ AICS-0036 mixed with CCM3+/+ AICS-
0054 hiPSCs served as controls (n = 3 per genotype). Representative 
images from day eight are shown in c (scale bar: 500 µm). Data are 
presented as mean and SD. Student’s two-tailed t tests (b, d) were 
used for statistical analyses: **P < 0.01
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ability of mutant ECs to bind exogenous laminin-332 was 
consequently increased (Online Resource 8). However, 
exogenous laminin-332 did not trigger the proliferation of 
CCM3−/− CI-huVECs (data not shown).

FACS sorting of co-cultured CCM3−/− and CCM3+/+ 
CI-huVECs for  ITGB4high and  ITGB4low cells resulted in 
two distinct populations (Fig. 5d). Amplicon deep sequenc-
ing, qPCR and western blot analyses verified high purities 

Fig. 4  Human iPSC-derived CCM3−/− ECs exhibit a tumor-like pro-
liferative behavior in co-culture with wild-type ECs and in mosaic 
vascular organoids. a–c Brain microvascular endothelial-like cells 
(hBMEC-like cells) were differentiated from CCM3−/− AICS-
0036 (mEGFP), CCM3+/+ AICS-0036 (mEGFP), and CCM3+/+ 
AICS-0054 (mTagRFPT) hiPCS (a) and mixed in a 1:9 ratio (b, c). 
CCM3−/− hBMEC-like cells (green) demonstrated an abnormal pro-
liferation in co-culture with CCM3+/+ hBMEC-like cells (n = 4 per 
genotype; b, scale bar: 200  µm). d CCM3−/− AICS-0036 (mEGFP) 
and CCM3+/+ AICS-0054 (mTagRFPT) hiPCS were mixed in a 

1:9 ratio and differentiated to vascular organoids. CCM3+/+ AICS-
0036 mixed with CCM3+/+ AICS-0054 hiPSCs served as controls. 
e Abnormal proliferation of CCM3−/− cells was observed in mosaic 
vascular organoids (lower left panel, scale bar: 300  µm). f Statisti-
cal analyses from 77 KO/WT to 75 WT/WT mosaic organoids dif-
ferentiated in three independent biological replicates. Shown is the 
mean mEGFP fluorescence intensity. Data are presented as mean and 
individual data points. One sample t test (c) or Student’s two-tailed 
t test (f) was used for statistical analyses: *P < 0.05, **P < 0.01, 
****P < 0.0001
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of sorted wild-type and mutant ECs, respectively (Online 
Resource 8). Based on these results, we set up a genome-
wide gene expression profiling experiment (Fig. 5e). Focus-
sing on CCM3−/− and CCM3+/+ CI-huVECs in mono-cul-
ture, 1043 genes were found to be significantly upregulated, 
and 1025 were downregulated upon CCM3 gene disruption 
(Fig. 5f, g, Online Resource 9). Interestingly, CCM3−/− 
CI-huVECs in direct co-culture with CCM3+/+ CI-huVECs 
upregulated 99 genes and downregulated another 18 genes 
(Fig.  5f, g). A GO term enrichment analysis revealed 
deregulation of cell adhesion and proliferation pathways in 
CCM3−/− CI-huVECs under co-culture conditions (Fig. 5j). 
It was surprising to notice that among the upregulated 
genes in CCM3−/− CI-huVECs under co-culture conditions 
were especially those that were highly downregulated upon 
CCM3 gene disruption (Fig. 5g, h). For example, POSTN 
gene expression, which was hardly detectable in CCM3−/−  
CI-huVECs under mono-culture conditions, was upregulated 
to near-normal levels in co-culture (Fig. 5h). Once in con-
tact with wild-type ECs, mutant ECs also upregulated the 
expression of genes coding for other extracellular matrix 
components, e.g., FBLN5 (fibulin-5) and COL12A1 (col-
lagen type XII alpha 1 chain). Furthermore, genes coding 
for cadherin superfamily members, e.g., CDH2 (N-cad-
herin), CDH4 (R-cadherin), CDH11 (OB-cadherin), and 
PCDH7 (protocadherin-7), were significantly upregulated 
(Online Resource 9). In CCM3+/+ CI-huVECs, on the other 
hand, chemokine/cytokine-related pathways were found to 
be deregulated by co-culture with CCM3−/− CI-huVECs 
(Fig. 5i). In particular, wild-type ECs upregulated various 
chemokine genes, e.g., CCL2 (MCP-1), CX3CL1 (frac-
talkine), CCL7 (MCP-3), CXCL2 (MIP-2a/GRO2), CXCL3 
(MIP-2b/GRO3), and CXCL8 (IL-8), but downregulated 
POSTN and CDH11 in co-culture with mutant ECs (Online 
Resource 9). Taken together, these observations prove that 
mutant and wild-type ECs interact with each other and sug-
gest that CC and CXC chemokines play a role in this com-
plex regulatory interplay.

Compound screening identifies NSC59984 
as candidate drug to block abnormal proliferation 
of mutant ECs

In a proof-of-concept approach, we next tested a library of 
189 small compounds known to modulate apoptosis, sur-
vival, and proliferation in our CI-huVEC co-culture assay. 
After 6 days, the relative proportions of knockout alleles 
were quantified by amplicon deep sequencing (Fig. 6a). 

As expected, the knockout allele frequency in DMSO-
treated co-cultures increased to 33.5%. Two compounds, 
isoalantolactone and NSC59984, suppressed the abnormal 
proliferation of mutant ECs by more than 80% (adjusted p 
value < 0.01; Fig. 6b). Knockout allele frequencies were 
7.7% and 10.2%, respectively. NSC59984 had minimal 
effects on EC morphology and moderately reduced the via-
bility of CCM3+/+ and CCM3−/− CI-huVECs (Fig. 6c, d). 
Isoalantolactone induced an abnormal endothelial morphol-
ogy and significant cell death. In contrast, GSK-872, which 
is a potent inhibitor of RIP kinase 3 (RIPK3), even enhanced 
mutant EC expansion (65.1%, padj < 0.0001; Fig. 6b, d). 
Interestingly, RIPK3 is a critical player in necroptosis, a reg-
ulated form of necrosis that allows programmed cell death 
even under apoptosis-deficient conditions [29, 30].

p21‑ and ERK2‑independent inhibition of abnormal 
mutant cell proliferation by NSC59984

We decided to focus on the candidate NSC59984 in 
our further experiments and were able to demonstrate 
that it blocked the cancer-like proliferation of CCM3−/− 
CI-huVECs in a concentration-dependent manner (Fig. 7a, 
b). NSC59984 inhibited mutant EC expansion even at 
high knockout:wild-type ratios (Fig. 7c). Pre-treatment of 
CCM3−/− CI-huVECs with NSC59984 before co-culture 
completely abolished mutant EC expansion, and knockout 
alleles were hardly detectable in co-cultures after six days 
(Fig. 7d). Even after release from NSC59984 treatment, 
abnormal proliferation of CCM3−/− CI-huVECs was blocked 
for at least another 7 days (Fig. 7e). An inhibitory effect on 
mutant cell proliferation was also observed when we fused 
hiPSC-derived CCM3+/+ and CCM3−/− vascular networks 
and treated them with NSC59984 (Fig. 7f). This is consistent 
with our RNA sequencing data demonstrating a cytostatic 
effect of NSC59984 on mutant ECs. However, there were 
also side-effects. For instance, we found significant deregu-
lation of proliferation-associated pathways in wild-type ECs 
(Fig. 8 a, b, Online Resources 9 and 10). NSC59984 has pre-
viously been shown to reactivate p53 signalling via p73 acti-
vation and ROS-ERK2-MDM2-dependent degradation of 
mutant p53 in cancer cells [19, 20]. In CCM3−/− CI-huVECs 
we could neither detect a pathogenic TP53 mutation nor 
significantly different p53 protein levels. Interestingly, we 
even found a slightly increased p53 transcription factor DNA 
binding activity in nuclear extracts of CCM3−/− CI-huVECs 
which indicates that there might be a downstream block of 
p53 signaling (Online Resource 10). NSC59984 treatment 
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of mutant ECs induced moderate upregulation of CDKN1A 
(p21), which is a target gene of p53, on mRNA level (Online 
Resource 10). However, p21 protein levels were unchanged 
and blocking p21 with UC2288 did also not revert the inhibi-
tory effect of NSC59984 on mutant EC expansion in co-
culture (Fig. 8c, Online Resource 10). We also addressed 
MAPK/ERK signaling in mutant ECs with protein array 
analyses and specific inhibitors but did not detect any sig-
nificant deregulation either (Fig. 8d, Online Resource 10). 
Taken together, these results show that pharmacological 
inhibition of the abnormal proliferation of mutant ECs is 
possible. Nevertheless, side effects need to be addressed, and 
it remains to be clarified whether agents such as NSC59984 
act through specific pathways in mutant ECs or have a gen-
eral cytostatic effect on multiple signaling cascades. 

Discussion

CCM is not a genuine malignant disease. The lesions do not 
metastasize or grow invasively. However, there is growing 
evidence that cancer-like mechanisms play an important role 
in CCM pathogenesis [17, 18, 31]. In line with this concept, 
we here demonstrate that the presence of wild-type cells 
upregulates mutant EC proliferation and that this tumor-like 
behaviour can be blocked by treatment with the anti-cancer 

drug NSC59984. In addition, we show that gene expression 
in wild-type and mutant ECs differs in mono- and co-culture.

Previously, we have shown that CCM3−/− ECs exhibit 
a reduced sensitivity to apoptotic signals in mono-culture 
[22]. Bringing together in vitro angiogenesis, endothelial 
co-culture and cell-based assays from cancer research, we 
now demonstrate that mutant ECs have an abnormally high 
clonogenic capacity but develop tumor-like growth charac-
teristics only when co-cultured with wild-type ECs. This 
observation is highly relevant because mutant ECs  (CCMneg) 
coexist in a mosaic state with heterozygous or wild-type 
ECs  (CCMpos) in CCMs [15, 16]. Indeed, the number of 
 CCMneg cells within CCMs is relatively low. Despite some 
high-frequency mutations, somatic CCM variants are usu-
ally found with alternate allele frequencies of less than 15% 
in human CCM lesions [11–14, 16, 31]. Given that (1) only 
one somatic mutation has ever been identified in CCM tis-
sues in addition to the preexisting germline variant, and (2) 
multiple somatic mutation events all leading to the same 
variant in different ECs are highly unlikely, solely expansion 
of the first  CCMneg EC can explain the endothelial mosai-
cism found in CCMs [16–18]. Furthermore, our finding 
that biallelic inactivation of CCM3 did not induce abnor-
mal proliferation of undifferentiated hiPSCs in co-culture 
with wild-type cells but specifically disturbed the balance 
between proliferation and cell death in vascular ECs sup-
ports the intriguing concept that CCM genes are not bona 
fide tumor suppressor genes but act as “vascular suppressor 
genes” [31]. This tumor-like vascular transformation seems 
to occur only under specific conditions and may be triggered 
in vivo by additional somatic gain-of-function mutations in 
PIK3CA which can act as a “vascular oncogene” [31].

The endothelial cell mosaicism observed in CCM tissues 
could also be reproduced in CRISPR’ed hiPSC-derived 
3D blood vessel organoid cultures.  CCM3neg cells were 
not located in clusters but found in a mosaic pattern with 
 CCM3pos cells in  CCM3pos/CCM3neg vascular organoids. 
Thus,  CCM3neg ECs apparently need contact with  CCM3pos 
ECs and a supportive microenvironment. Interestingly, 
sophisticated in vivo studies in confetti reporter mice have 
also demonstrated that abnormal expansion of  CCM3neg 
ECs and incorporation of  CCMpos ECs are essential steps in 
CCM genesis [17, 18]. Targeted inhibition of CCM progeni-
tor ECs, blocking the clonal expansion of mutant ECs and 
inhibiting the recruitment of neighboring  CCMpos ECs into 
a growing CCM lesion have, therefore, been proposed as 
therapeutic approaches [32].

Our data allow an exciting insight into the poorly under-
stood interaction of  CCM3pos and  CCM3neg ECs. As a 
marker for  CCM3neg ECs, we used high expression levels 
of integrin ß4, which is known to form a heterodimer with 
integrin α6 and is primarily expressed on epithelial cells, 
endothelial cells, and Schwann cells [33]. Upregulation 

Fig. 5  Chemokine signaling in wild-type ECs becomes deregulated in 
co-culture with CCM3−/− ECs. a A β-integrin-mediated cell adhesion 
array was used to analyse the surface expression of different integrin 
β subunits on CCM3−/− CI-huVECs (n = 3 per group). b, c Immuno-
fluorescence imaging and RT-qPCR analysis verified upregulation of 
ITGB4 gene expression in CCM3−/− CI-huVECs (scale bar: 100 µm). 
Data are presented as mean and SD (n = 3 per group). d Using high 
integrin beta 4 expression as marker for CCM3−/− CI-huVECs, 
mutant ECs could be efficiently sorted from mutant/wild-type co-
cultures by fluorescence activated cell sorting. Sanger sequencing 
of sorted  ITGB4low (I) and  ITGB4high (II) cell populations verified 
high purity of CCM3+/+ and CCM3−/− CI-huVECs, respectively. 
e CCM3+/+ and CCM3−/− CI-huVECs were co-cultured, sorted by 
FACS and analyzed by RNA sequencing. CCM3+/+ and CCM3−/− 
CI-huVEC mono-cultures served as controls. f, g Venn diagrams 
illustrate the overlap of genes significantly up- or downregulated in 
CCM3−/− CI-huVEC mono-cultures (group II vs group I) and genes 
that are significantly up- or downregulated in CCM3−/− CI-huVECs 
by co-culture with CCM3+/+ CI-huVECs (group IV vs group II). 
h Shown is a heatmap with the 20 most downregulated genes in 
CCM3−/− CI-huVEC mono-cultures (left column; group II vs group 
I). The right column illustrates how co-culture with wild-type ECs 
affects the expression of these genes in CCM3−/− CI-huVECs (group 
IV vs group II). i, j Significantly up- or downregulated genes were 
also subjected to gene ontology analysis. Shown are the top 20 of 
significantly enriched biological process GO terms (n = 3 per group 
for e–j). #via plasma membrane cell adhesion molecules. Multiple 
t tests (a), Student’s two-tailed t test (c), and Fisher exact test (i, j) 
were used for statistical analyses: ***P < 0.001, ****P < 0.0001. padj 
= adjusted p value

◂
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of ITGB4 gene expression has previously been observed 
in human CCM3−/− CI-huVECs ([34]; GEO data set: 
GSE137425), mouse Ccm1ECKO brain microvascular 
endothelial cells ([35]; GSE85657), and cardiac tissue of 
ccm2m201 mutant zebrafish embryos ([36]; GSE64753). 
Although its functional significance in CCM disease 
remains to be elucidated, it is noteworthy that ITGB4 

expression is increased on various cancer cells and is 
thought to be involved in the regulation of cancer stem 
cells [37–39]. RNA-Seq analysis of FACS-sorted  CCM3pos 
 ITGB4low and  CCM3neg  ITGB4high ECs demonstrated that 
chemokine-mediated signaling pathways are induced 
by direct co-culture. In particular, CCL2, CX3CL1, and 
CCL7 were upregulated more than fourfold in  CCM3pos 
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ECs. These genes encode for chemokines (CCL2/MCP-
1; CX3CL1/Fractalkine; CCL7/ MCP-3) that modulate 
the immune response but have also frequently been found 
to be enriched in the tumor microenvironment [40–42]. 
Notably, it has been demonstrated that they can orchestrate 
the cross-talk between cancer and stromal cells, stimu-
late angiogenesis, and trigger proliferation [41, 43, 44]. 
Additionally, the CXC chemokine genes CXCL2, CXCL3, 
and CXCL8 were upregulated more than twofold. CXCL2, 
CXCL3, and CXCL8/IL-8 belong to the group of CXC 
chemokines with a Glu-Leu-Arg sequence motif  (ELR+ 
CXC chemokines) which are not only potent neutrophil 
chemoattractants but have also been reported to trigger 
angiogenesis and EC chemotaxis [45–47]. The results of 
our in vitro model are also consistent with recently pub-
lished analyses in Ccm3iECKO mice. Using an acute, “fast 
progression” and a chronic, “slow progression” model of 

CCM, the authors demonstrated that the expression of 
Ccl2, Cxcl2, Cx3cl1 and other immune-related genes was 
significantly upregulated in brain microvascular ECs of 
Ccm3iECKO mice [48]. In general, the proportion of cells 
with a Ccm3 deletion is relatively low (< 15%) in the 
chronic model [48]. In the acute model, it is much higher 
(> 80%) but cells with Ccm3 wild-type alleles are still pre-
sent [17]. Our data now suggest that not only the mutant 
ECs themselves but also the wild-type ECs in contact with 
the mutant ECs upregulate immune-associated genes.

Taken together, these results strengthen the intriguing 
hypothesis that  CCM3pos ECs contribute to the formation of 
a supportive niche for  CCM3neg ECs and that the cancer-like 
nature of CCMs warrants testing of anti-cancer therapies. 
Two facts substantiate this concept: (1) NSC59984, a drug 
with anti-tumor activity [19], has a significant anti-prolif-
erative effect on mutant ECs; and (2) ponatinib, a kinase 
inhibitor that is used to treat chronic myeloid leukemia and 
 Ph+ acute lymphoblastic leukemia, has been reported to stop 
CCM formation and lesion growth in Ccm1iECKO mice [49]. 
However, NSC59984 also induces growth arrest in wild-
type ECs. Similarly, the kinase inhibitor ponatinib has a 
broad spectrum of side effects that would likely limit its 
therapeutic use in CCM, e.g., thrombocytopenia, abdominal 
pain, anemia, and even cardiac arrhythmias [50]. Thus, the 
identification of new drug candidates is required. Because 
of their side effects, cytotoxic agents might not be a real 
option for CCM patients who can have severe neurological 
complications but are also often asymptomatic. Modulat-
ing the microenvironment of CCMs instead would be an 
exciting approach. Several chemokine receptor inhibitors are 
currently under investigation in the context of solid tumors 
[51]. Our next-generation sequencing-based read-out sys-
tem allows tracking mutant cell expansion in co-culture on 
a genetic level and will facilitate the testing of thousands 

Fig. 6  NSC59984 efficiently blocks the abnormal proliferation of 
CCM3−/− CI-huVECs in co-culture. a Depicted is a scheme of the 
apoptosis library screening approach. Co-cultures of CCM3−/− and 
CCM3+/+ CI-huVECs were treated with 10 µM of each library com-
pound on day  0 and day  3. DNA samples collected at day 6 were 
used to determine frequencies of CCM3 knockout alleles with ampli-
con deep sequencing (ADS). DMSO treatment served as control. b 
NSC59984 and isoalantolactone reduced the portion of CCM3 knock-
out alleles in co-culture. In contrast, GSK-872 further enhanced the 
abnormal proliferation of CCM3−/− CI-huVECs (n = 4 per group). 
c Bright-field microscopy demonstrated that cells treated with 
NSC59984 had a normal EC morphology while isoalantolactone 
treatment induced severe morphological changes and significant cell 
death (10 µM of each compound; scale bar: 200 µm). After GSK-872 
treatment, cells had a compact morphology that is a known feature 
of CCM3−/− CI-huVECs (n = 3 per group). d No cell viability differ-
ences were observed between CCM3+/+ and CCM3−/− CI-huVECs 
72 h after NSC59984 or isoalantolacone treatment, whereas CCM3+/+ 
CI-huVECs were more sensitive to GSK-872 treatment than mutant 
ECs (n = 3 per group). Comp. = library compound. padj = adjusted p 
value. Data are presented as mean and SD. One-way ANOVA (b) was 
used for statistical analyses
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Fig. 7  NSC59984 has cytostatic effects on CCM3−/− ECs. a, 
b NSC59984 blocked the abnormal proliferation of CCM3−/− 
CI-huVECs in co-culture in a dose-dependent manner and predomi-
nantly inhibited the proliferation of mutant ECs (n = 3 per group). c 
NSC59984 (10  µM) reduced the abnormal proliferation of mutant 
ECs even at high knockout:wild-type ratios [n = 3 per group; mutant 
allele frequency after seeding (0 h) from left to right: 25.5%, 31.9%, 
41.6%, 51.4%, 65.4% and 74.8%]. d CCM3−/− CI-huVECs were 
treated with NSC59984 prior to co-culture with untreated CCM3+/+ 
CI-huVECs (= CCM3−/− pre-treated; red). As control, untreated 
CCM3−/− CI-huVECs were co-cultured with CCM3+/+ CI-huVECs 
that had been pre-treated with NSC59984 (= CCM3+/+ pre-treated; 
green). Pre-treatment of CCM3−/− CI-huVECs blocked their abnor-
mal proliferation (red). In contrast, pre-treatment of CCM3+/+ led to 
an extremely strong proliferation of mutant ECs (n = 3 per group). 
e Endothelial mutant:wild-type co-cultures were treated with 
NSC59984 on day 0 and day 3, released from drug treatment on day 
6, and cultured for another 7 days. NSC59984 retained its effect after 

treatment release. DMSO treated cultures served as control (n = 3 per 
group). f NSC59984 inhibited mutant EC proliferation in vascular 
organoids. CCM3−/− AICS-0036 (mEGFP) and CCM3+/+ AICS-0054 
(mTagRFPT) hiPSC-derived vascular networks were fused and differ-
entiated to vascular organoids under NSC59984 treatment for 10 days 
(CCM3-KO). Images were acquired on days 5 and 10. Fusions of 
CCM3+/+ AICS-0036 and CCM3+/+ AICS-0054 hiPSC-derived vas-
cular networks served as controls (scale: 500 µm). Statistical analysis 
was performed for 36 KO/WT fusion organoids differentiated in three 
independent biological replicates. 21 WT/WT fusion organoids were 
used as controls. Shown is the mean mEGFP fluorescence intensity 
on day 10 normalized to day 5. Data are presented as mean and SD 
(a, b, c, e) or as mean and single data points (d, f). Multiple com-
parison test (Fisher’s LSD; a), two-way ANOVA with multiple com-
parison test (b), multiple t-tests (c), two-way ANOVA with Dunnett’s 
multiple comparison test (d), and Student’s two-tailed t test (f) were 
used for statistical analyses: *P < 0.05, **P < 0.01, ****P < 0.001
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of potential drug candidates. Such high-throughput screens 
may bring drug discovery in CCM research onto the next 
level.

In summary, there is increasing evidence that cancer-
like mechanisms promote early CCM formation and lesion 
growth and that these mechanisms need to be addressed with 
new therapeutic approaches. In this context, it is essential to 
focus not only on  CCMneg but also on  CCMpos cells and to 
clarify their role in CCM pathogenesis.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00018- 022- 04355-6.
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