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Abstract

Patients with familial cerebral cavernous malformation (CCM) inherit germline loss of function 

mutations and are susceptible to progressive development of brain lesions and neurological 

sequelae during their lifetime. To date, no homologous circulating molecules have been identified 

that can reflect the presence of germ line pathogenetic CCM mutations, either in animal models 

or patients. We hypothesize that homologous differentially expressed (DE) plasma miRNAs can 

reflect the CCM germline mutation in preclinical murine models and patients. Herein, homologous 

DE plasma miRNAs with mechanistic putative gene targets within the transcriptome of preclinical 

and human CCM lesions were identified. Several of these gene targets were additionally found 

to be associated with CCM-enriched pathways identified using the Kyoto Encyclopedia of Genes 

and Genomes. DE miRNAs were also identified in familial CCM patients who developed new 

brain lesions within the year following blood sample collection. The miRNome results were 

then validated in an independent cohort of human subjects with real-time-qPCR quantification, 

a technique facilitating plasma assays. Finally, a Bayesian-informed machine learning approach 

showed that a combination of plasma levels of miRNAs and circulating proteins improves the 

association with familial-CCM disease in human subjects to 95% accuracy. These findings act as 

an important proof of concept for the future development of translatable circulating biomarkers to 

be tested in preclinical studies and human trials aimed at monitoring and restoring gene function in 

CCM and other diseases.
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Introduction

Cerebral cavernous malformations (CCMs), also known as cavernous angiomas, are 

enlarged blood-filled vascular caverns prone to hemorrhage due to dysfunctional vessel 

wall angioarchitecture affecting up to 0.5% of the population [1, 2]. Approximately 30% 

of CCM patients manifest familial disease, with an autosomal dominant inheritance of a 

heterozygous germline loss of function mutation in one of three genes, CCM1/KRIT1, 
CCM2/Malcavernin, or CCM3/PDCD10 [1]. These familial cases develop new hemorrhagic 

brain lesions throughout their life, predisposing them to a risk of symptomatic hemorrhage, 

seizures, and/or focal neurological deficits [1]. The CCM3/PDCD10 disease manifests 

exceptional aggressiveness with greater lesion burden and earlier disease manifestations 

than other genotypes [3]. Surgical excision of symptomatic CCM lesions is the only current 

therapeutic option, with serious morbidity and costs, and obvious limitations with multiple 

lesions [1]. Thus, there is an intense effort at developing novel therapies [4, 5], including 

gene restoration therapies with viral vectors for familial disease [6].

There is an ongoing search for facile biomarkers that can accurately reflect disease status 

and lesional activity of CCMs, to guide the selection of aggressive cases for clinical trials 
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and to monitor the impact of novel therapies [7-10]. Peripheral blood plasma provides a 

unique window into greater systemic biological processes, offering a promising opportunity 

for biomarker development [7, 11, 12]. In fact, dysregulated lesional pathways identified 

in CCM lesions may be reflected within the plasma [13]. Recent studies in preclinical 

murine models and human CCM patients have reported a differential plasma proteome 

in CCM disease, including proteins which have previously been implicated in CCM 

mechanisms [14-20], and reflect the transcriptome of micro-dissected human and murine 

CCM lesions [13, 21]. However, circulating molecules other than plasma proteins have not 

been systematically examined in CCM disease.

Micro-ribonucleic acids (miRNAs) are small non-coding molecules ~21-24 nucleotides in 

length that regulate gene expression through mRNA silencing and have been shown to 

modulate several biological processes [22]. Plasma miRNAs are stable and can be isolated, 

and their levels have been shown to be affected by disease states [23, 24]. The intra-cellular 

miRNome of surgically resected CCMs identified 5 top-differentially expressed (DE) 

miRNAs, several of which were related to CCM processes including VEGF, PI3K/Akt, and 

MAPK signaling [25]. Of interest, Koskimäki et al. (2019), from our team, also identified 

that miR-3472a was DE in the plasma of Ccm3 heterozygous mice [21]. Additionally, a 

pilot study identified 13 circulating plasma DE miRNAs in CCM patients who experienced 

a recent symptomatic hemorrhage [26]. One of these 13, miR-185-5p, targets the IL10RA 
gene, a receptor for IL10, which is DE in the transcriptome of human CCM lesions [13, 

26]. Thus, plasma miRNAs associated with disease characteristics may contribute further 

pathobiological insights.

Overall, it would be beneficial to identify circulating homologous miRNAs with postulated 

mechanistic links, which can efficiently be cross validated in preclinical models of disease 

and translated to human subjects [27]. This is especially advantageous where experimental 

therapeutics could be tested, and their efficacy monitored using the same biomarker in 

preclinical studies, in human trials and ultimately in clinical practice. To date, homologous 

plasma miRNAs which reflect disease states in murine models and humans have not 

yet been identified. We hypothesize that homologous DE plasma miRNAs are associated 

with the inherited CCM germline mutation in preclinical murine models and patients, can 

distinguish cases who would develop new lesions, and can be assayed in peripheral blood 

and thus could be tested as potential translatable circulating biomarkers in specific clinical 

contexts of use.

Methods

Mouse sample collection

Animal studies for miRNA sequencing and differential expression were conducted in N=41 

mice. Blood was collected via the submandibular vein route from 3 to 5 month-old mice 

including Ccm1+/− mice (n=7), Ccm3+/− mice (n=7) and sex matched wild type mice (n=7), 

which were bred at the University of Chicago (Table S1). The pre-clinical heterozygous 

mice have been used to reflect germ line heterozygocity, as in the human familial disease 

[3].
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Ccm1flox/flox mice (n=7) and Ccm3flox/flox mice (n=5) with a Pdgfb-Cre+ driver, along with 

sex matched wild type mice (n=8) were bred at the University of California San Diego 

(Table S1). These mice were injected with 50μg of 4-hydroxy-tamoxifen intraperitoneally at 

P1 to induce Cre activity and gene loss, bypassing embryonic lethality of the homozygous 

state [28]. The mice and their controls were sacrificed uniformly at 7-10 weeks of age 

through cardiac puncture and blood was collected simultaneously.

After collection, plasma was separated using Z-gel tubes (Sarstedt, Nümbrecht, Germany) 

through centrifugation (AllegraX-30R, Beckman Coulter). One hundred ul of plasma was 

then aliquoted into 1.7-ml microcentrifuge tubes and stored at −80°C until RNA extraction. 

The sample size for this study was estimated based on a previous study that identified DE 

miRNAs in the plasma of only 3 Ccm3+/− mice when compared to 3 wild type mice [21].

Human CCM cohort characteristics

For this study, the plasma miRNome of N=30 subjects, including 23 familial-CCM patients 

(n=13 CCM1 and n=10 CCM3) and healthy non-CCM subjects (n=7), enrolled between July 

2014 and July 2019, was sequenced (Table 1). The diagnosis of CCM was established via 

magnetic resonance imaging (MRI) at a single referral center (uchicagomedicine.org/ccm) 

by a senior neurosurgeon (IAA) with more than 30 years of experience in CCM disease 

management. Patients with the CCM genotype defined as either CCM1 or CCM3 were 

included, confirmed through genetic testing performed by PreventionGenetics (Marshfield, 

WI, USA), utilizing Sanger and NextGen sequencing followed by deletion/duplication 

analysis [2]. Patients with partial or complete resection of CCM or any prior brain 

irradiation were excluded. Due to low numbers of CCM2 cases, which only make up 20 

% of familial cases, this genotype was unable to be analyzed separately [29]. Among the 

23 familial-CCM patients enrolled, 10 (n=5 CCM1 and n=5 CCM3) harbored at least 1 

new CCM on their routine clinical follow-up susceptibility weighted imaging (SWI) MRI 

in the year following their blood sample collection. SWI is recommended for the diagnosis 

of CCM and assessment of lesion burden as this sequence is more sensitive in detecting 

perilesional hemosiderin and capturing smaller lesions than traditional T1- and T2-weighted 

MRI sequences [2, 30].

An independent cohort (N=37) including an additional 24 familial-CCM patients (n=12 

CCM1 and n=12 CCM3) and healthy non-CCM subjects (n=13) was also enrolled between 

July 2014 and July 2019 for validation of the miRNA sequencing using real time 

quantitative PCR (RT-qPCR) (Table 2). Within this independent cohort, 25 subjects (n=19 

familial-CCM; n=6 healthy non-CCM) had miRNA levels measured through RT-qPCR as 

well as proteins assayed within the plasma. Demographic analyses showed that a greater 

proportion of white/Caucasian was enrolled in both cohorts of CCM patients [p<0.05]. 

No other statistically significant demographic difference was observed between any of the 

human CCM cohorts, including age and sex. Previous statistical simulations and clinical 

studies have reported several DE plasma miRNAs in CCM patients using similar sample 

sizes [7, 26].

Healthy non-CCM subjects were recruited concurrently, specifically excluding (a) any 

medical or neurologic condition requiring ongoing follow-up or medical treatment in the 
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preceding year, (b) a history of concussion or brain trauma in the preceding year, (c) a 

history of prior brain irradiation at any time, (d) been pregnant or lactating in the preceding 

year, (e) used recreational, psychoactive, or neuroleptic drugs in the prior year. The healthy 

non-CCM subjects had an MRI performed to ensure that they did not have any unknown 

neurological conditions that could confound the study.

miRNA sequencing and differential expression analyses

Total RNAs from the serum of both heterozygous and homozygous mice (200μl), and 

from the plasma of familial-CCM patients (up to100μl) were extracted using the miRNeasy 

Serum/Plasma Kit (Qiagen, Hilden, Germany) following the manufacturer recommendation 

[21, 26]. cDNA libraries were then generated with commercially available Illumina small 

RNA-Seq kits (Clontech, Mountain View, CA, USA) and sequenced with the Illumina 

HiSeq 4000 platform (Illumina, San Diego, CA, USA) using single-end 50-bp reads, at the 

University of Chicago Genomics Core for sequencing. The sequencing depth median for the 

plasma miRNomes was 10 million and 12 million reads per sample for mouse and human 

analyses, respectively. The sequencing depth used is in the same range as that reported in 

orther studies examining known miRNAs that are differentially expressed between groups 

[31, 32].

The differential expression analyses were first performed in the plasma of the preclinical 

mouse models between (1) Ccm1−/−, (2) Ccm1+/−, (3) Ccm3−/−, (4) Ccm3+/−, and their 

respective wild type controls [p<0.1, false discovery rate (FDR) corrected]. Additional 

differential expression analyses were done between (1) Ccm1−/− and Ccm3−/−, and (2) 

Ccm1+/− and Ccm3+/− (Fig. 1).

Differential expression analyses were performed in human between healthy non-CCM 

controls and (1) CCM1 patients, (2) CCM3 patients, and then (3) between CCM1 and 

CCM3 patients (Fig. 1). An additional analysis was performed between the CCM patients 

showing New Lesion Formation and No New Lesion Formation. Though these results were 

not FDR corrected, additional stringency was added as only homologous DE miRNA with 

(1) gene targets within CCM transcriptomes and (2) mechanistic links reported in CCM 

disease were considered most relevant. All differential expression analyses were conducted 

using R bioconductor package DESeq2. Additionally, a partial least-squares discriminant 

analysis (PLS-DA) was used to validate the capacity of DE miRNAs (p<0.05, non-FDR 

corrected) to distinguish between CCM1, CCM3, and healthy non-CCM [33-35]. Using 

the mixOmics package in R [36], PLS-DA components were sorted based on the variance 

explained, and the area under the curve (AUC) and p-value were reported for the top 2 

components of each genotype comparison.

Putative targets of homologous mouse-human DE miRNAs

The human homologs of DE miRNAs identified in preclinical murine models were queried 

using the MirGeneDB database (https://mirgenedb.org/) (Fig. 1). Putative gene targets of 

homologous mouse-human DE miRNAs were identified using miRWalk 3.0 [37, 38] (Fig. 

1). For each miRNA, gene targets were identified for the 3 different gene locations (3′ 
untranslated region (UTR), 5′ UTR, and coding sequence (CDS)) using a random forest tree 
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algorithm with a bonding prediction probability higher than 95%. All known gene sequences 

are scanned and any matches to known miRNA sequences are flagged. These matches are 

then compared and validated using 8 other established miRNA-target prediction programs 

[39]. MiRWalk consolidates data from several databases, including TargetScan, miRDB, and 

miRTarBase, and reports known miRNA-gene interactions from the literature to provide 

both predicted and validated gene target binding sites of miRNAs [39]. Only genes that 

appeared in at least 2 of the 3 databases on miRWalk were considered to be putative gene 

targets of the homologous DE miRNA, ensuring these interactions were validated by more 

than one source [13, 21, 26].

The putative targets of each DE miRNA identified in the plasma of mouse Ccm1−/− and 

Ccm1+/− were queried within the previously published transcriptome of in vitro Ccm1−/− 

mouse brain microvascular endothelial cells (BMECs) [13]. While the putative targets of the 

DE miRNAs identified in the plasma of Ccm3−/− and Ccm3+/− mice were queried in the 

previously published transcriptome of (1) in vitro Ccm3−/− mouse BMECs, and (2) laser 

micro-dissected lesional neurovascular units (NVUs) of Ccm3+/− mice [13, 21]. Gene targets 

of DE miRNAs identified in the plasma of CCM1 and CCM3 patients were queried within 

the previously published transcriptome of laser micro-dissected NVUs of human surgically 

resected CCM lesions [13].

CCM-enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses

The enriched KEGG pathways of each transcriptome were derived independently using 

the differentially expressed genes (DEGs) [p<0.05, FDR corrected; ∣FC∣>1.5] identified in 

(1) Ccm1−/− BMECs, (2) Ccm3−/− BMECs, as well as micro-dissected lesional NVUs of 

(3) Ccm3+/− mice, and (4) human surgically resected CCMs. Enriched KEGG pathways 

[p<0.05, FDR corrected] were generated using a database and knowledge extraction engine 

[40] with a Bayes factor cutoff of 3. The putative target DEGs of each homologous 

DE miRNA were then associated with the list of CCM-enriched KEGG pathways 

within their respective transcriptomes. Finally, KEGG pathways and putative target DEGs 

were categorized into 6 biological processes related to CCM disease identified after a 

comprehensive literature search [21]. These biological processes include: (1) Neuron, Glia, 

Pericyte Function, (2) Permeability/Adhesion, (3) Apoptosis and Oxidative Stress, (4) 

Inflammation/Immune Response, (5) Vascular Processes, (6) Cellular Proliferation.

Selection of miRNAs for validation using RT-qPCR

RT-qPCR was not only used to validate the miRNA sequencing results but also serve as 

proof of feasibility for direct measurement of miRNAs in plasma for future biomarker 

use [41]. Among the homologous DE plasma miRNA with gene targets within CCM 

transcriptomes, 4 were chosen for RT-qPCR validation as (1) they have at least 10 DEGs 

[p<0.05, FDR corrected] as putative targets within the human CCM lesional transcriptome, 

and (2) had putative gene targets previously implicated in CCM disease. In addition, 

miR-375-5p was assessed because it was dysregulated across both CCM1 and CCM3 
genotypes in the plasma of both preclinical murine models and CCM patients. Finally, not 

DE in mice, let-7e-5p was selected since it was the only miRNA dysregulated in CCM1 
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patients when compared to healthy controls as well as compared to CCM3 patients, making 

it a potential specific marker for the CCM1 genotype.

RT-qPCR assay of putative DE miRNAs

Relative quantifications of a panel of 6 pre-selected DE miRNAs were assessed using RT-

qPCR. The total RNA was first extracted from plasma using the MagMAX mirVana Total 

RNA Isolation Kit (Thermo Fisher, Waltman, MA, USA). An exogenous spike-in control, 

miR-cel-39-3p (1.5x1010 copies of cel-miR-39-3p in 5μl) (Integrated DNA Technologies, 

Inc., Coralville, IA, USA), was added to all plasma samples prior to extraction and 

then measured to correct for extraction efficiency, as well as to ensure the inter-plate 

reproducibility of the RT-qPCR [42]. RT-qPCR was performed using the TaqMan Advanced 

miRNA Assays Kit (Thermo Fisher). A miR-Amp reaction was performed to amplify 

miRNAs prior to real-time PCR using the QuantStudio3 (Thermo Fisher).

For the relative quantification, the Cq values of each selected plasma miRNA as well as 

of two human endogenous controls, miR423-5p and miR16-5p, and of exogenous control 

cel-miR39-3p were measured. MiR-423-5p was eventually used as the endogenous control 

as it is expected to be expressed at equal levels across tissue types and samples [43]. This 

was validated using the NormFinder software, as miR-423-5p was shown to have the most 

stable expression across the controls tested (https://moma.dk/normfinder-software) [44]. The 

Cq values of the endogenous control (i.e., miR-423-5p) were then used to calculate the 

relative plasma quantification [45]:

ΔCq = Cq miRNA of interest − Cq endogenous control

The comparison of the relative quantification of each pre-defined miRNA was performed 

between (1) familial-CCM1 patients, (2) familial-CCM3 patients, and (3) healthy non-CCM 

controls. The Cq and the plasma level of miRNA in a sample are inversely related (i.e.. 

lower Cq represents a higher concentration), thus ΔCq would be in the opposite direction of 

the FC reported through sequencing [46]. For each miRNA, a relative quantification value 

greater than ±3 standard deviations away from the mean was defined as an outlier [47, 

48]. A non-parametric Mann-Whitney was performed between the ΔCq for each comparison 

using Prism (GraphPad, San Diego, California) [49]. The FC for each miRNA of interest 

was also calculated using 2−ΔΔCq. The log2(FC) were then compared using an unpaired 

Student’s t-test using Prism (GraphPad) [49-51].

Combined plasma miRNA and protein levels in association with familial CCM

A three-step Bayesian-informed machine learning (ML) approach was implemented to 

assess if a weighted combination of plasma levels of miRNAs (i.e., assessed by RT-

qPCR), and proteins (i.e., assessed by ELISA) shows better performance to distinguish 

familial-CCM. This Bayesian paradigm relies on prior information, such as the biological 

relevance of candidate molecules, to inform future development [52]. Additionally, ML 

approaches allow for the combination of the best performing plasma molecules, given that 

individual molecules may have imperfect sensitivity/specificity [7]. A thorough literature 

search was conducted to identify 21 plasma proteins related to angiogenesis, endothelial 
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permeability, inflammation, immune response, and extracellular matrix remodeling, with 

reported associations to CCM or neurovascular diseases (Table S2) [7, 26, 53, 54]. As a 

proof of concept, we assessed familial disease reflecting germline heterozygosity of any 

CCM gene, since the sample sizes of specific CCM genotypes were insufficient for separate 

statistical analyses (Fig. S5-6). Two different approaches were developed using 10-fold and 

leave-one out cross validation to first select the best individual proteins and miRNAs which 

reflected familial-CCM disease (Fig. S1). These cross validations reduce the overfitting 

effects on a limited dataset, while excluding any molecules which would not individually 

contribute to the model’s diagnostic association [55]. Selected miRNAs or proteins were 

then used to create the best models including (1) only plasma levels of miRNA, (2) only 

plasma levels of proteins, and finally (3) combining miRNAs and proteins to diagnose 

familial-CCM (Fig. S1). In each case, the best model was identified as having the lowest 

Akaike information criterion (AIC) score. Feature selection minimized the dependency 

among features under the assumption of logistic regression, while selecting the model with 

AIC scores reduced the overall complexity of the model to prevent overfitting. Finally, all 

three models were tested on the same cohort of patients to compare performance through 

sensitivity and specificity (Fig. S1). Refer to supplemental material for additional Methods.

Results

DE miRNAs in peripheral blood plasma of Ccm1 and Ccm3 murine models

Differential expression analyses identified 17 DE miRNAs in the plasma of Ccm1−/− mice 

(Data File S1), and 44 in Ccm1+/− mice [all: p<0.1, FDR corrected] (Data File S2) when 

compared to their respective wild type mice. In the Ccm3 models, 142 plasma miRNAs 

were DE in the homozygous mice (Data File S3), and 9 in the heterozygous mice when 

compared to their respective wild type mice [all: p<0.1, FDR corrected] (Data File S4). 

Finally, 99 DE plasma miRNAs were identified between Ccm1−/− and Ccm3−/− mice [all: 

p<0.1, FDR corrected] (Data File S5). No plasma miRNAs were DE between Ccm1+/− 

and Ccm3+/− mice. Non-sensitized Ccm1 and Ccm3 heterozygous mice have been shown 

to harbor a negligible lesion burden. Thus, these DE miRNAs were discovered to reflect 

disease genotype, rather than disease severity.

Homologous mouse-human DE miRNAs in peripheral blood plasma of patients with CCM1 
and CCM3 disease

Differential analyses identified 16 DE plasma miRNAs between familial-CCM1 patients and 

healthy non-CCM controls [p<0.05] (Data File S6). The PLS-DA results showed that the DE 

miRNAs (p<0.05) identified through RNA-seq are able to distinguish CCM1 from healthy 

non-CCM subjects (top 2 components, both: AUC 100%, p=7.5x10−4). Two of these 16 

miRNAs, miR-20b-5p [fold change (FC)=25.9] and miR-375-3p [FC=3.5] had their murine 

homolog also DE in the plasma of Ccm1+/− mice [FC=2.6, 5.2 respectively; both: p<0.1, 

FDR corrected] (Fig. 2). No plasma miRNAs were commonly DE between familial-CCM1 
patients and Ccm1−/− mice.

In the familial-CCM3 patients, 12 DE plasma miRNAs were identified compared to healthy 

non-CCM controls [p<0.05] (Data File S7). PLS-DA results confirmed that DE miRNAs 

Romanos et al. Page 8

Transl Stroke Res. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(p<0.05) can differentiate CCM3 from healthy non-CCM subjects (top 2 components, both: 

AUC 100%, p=6.4x10−4). Five of these 12 DE plasma miRNAs, miR-93-5p [FC=0.6], 

miR-370-3p [FC=4.3], miR-487b-3p [FC=13.3], miR-369-5p [FC=19.2], and miR-375-3p 
[FC=2.8] had their murine homolog also DE in the plasma of Ccm3−/− mice [FC= 0.5, 

2.7, 6.7, 2.7, 3.5 respectively; all: p<0.1, FDR corrected] (Fig. 2). No plasma miRNAs 

were commonly DE between familial-CCM3 patients and Ccm3+/− mice. It is unclear why 

homologous DE miRNAs associated with germline CCM1 and CCM3 heterozygosity in 

humans were shared with heterozygous Ccm1+/− mice and homozygous Ccm3−/− mice, 

respectively. The number of plasma DE miRNAs in heterozygous Ccm3+/− and postnatally 

induced Ccm1−/− mice was low, which may have been due to a low read depth during 

sequencing. In addition, postnatally induced gene loss in mouse models probably reflects 

an acute phase of the pathogenesis of CCMs, and not the chronic aspect seen in the human 

disease; these differences are exaggerated in the more aggressive Ccm3 models.

We further identified 24 plasma DE miRNAs between CCM1 and CCM3 patients 

[p<0.05] (Data File S8). DE miRNAs (p<0.05) dentified through RNA-seq were shown to 

distinguish CCM1 from CCM3 through an additional PLS-DA (component 1, AUC 98.15%, 

p=2.2x10−4; component 2, AUC 100%, p=1.2x10−4). Of these, miR-128-3p [FC=0.6], 

miR-410-3p [FC=2.0], miR-9-5p [FC=0.07], miR-323b-3p [FC=13.7], and miR-93-5p 
[FC=0.7] had their murine homolog also DE between Ccm1−/− and Ccm3−/− murine models 

[FC=1.8, 1.8, 28.2, 6.6, and 0.6 respectively; all: p<0.1, FDR corrected] (Fig. 2).

Gene targets of homologous mouse-human DE plasma miRNAs

Of the 10 homologous DE miRNAs, 8 were DE in the same direction in familial-CCM 

patients and preclinical mouse models (all genotypes) (Fig. 2). Seven homologous DE 

miRNAs, targeting a range of 0.1%-2.4% of the total human genome, had DEG targets 

within the published transcriptome of laser micro-dissected NVUs of human surgically 

resected CCMs (Data File S9, Fig. 3). In addition, 5 of those 7 miRNAs also had DEG 

targets within either the transcriptome of (1) in vitro Ccm1−/− or Ccm3−/− BMECs, or 

(2) laser micro-dissected lesional NVUs of Ccm3+/− mice. To further classify these gene 

interactions, the KEGG was used to generate enriched KEGG pathways [p<0.05, FDR 

corrected; Bayes factor≥3] for each CCM transcriptome (Data File S10-13).

DE miR-20b-5p, which was increased in the plasma of familial-CCM1 patients, and 

miR-93-5p, which was decreased in familial-CCM3 patients compared to healthy non-CCM 

controls, respectively had 8.9% and 9.1% of their gene targets within the transcriptome 

of human micro-dissected CCM lesional NVUs. CCM-enriched KEGG pathway analyses 

showed that these DEGs were associated with PI3K-Akt signaling, focal adhesion, HIF-1, 

Rap1 signaling, and other pathways involved in CCM mechanisms [all: p<0.05, FDR 

corrected] (Data File S10). Specifically, both miR-20b-5p and miR-93-5p target VEGFA 
and ADAMTS5. Additionally, miR-93-5p targets ROCK2 and MAP3K14, which are 

associated with CCM pathogenesis. miR-93-5p provides a unique translational opportunity 

for biomarker development as it also targets Vegfa in mice, which is a DEG in the 

transcriptome of laser micro-dissected lesional NVUs of Ccm3+/− mice.
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DE miR-370-3p and miR-487b-3p, both found to be increased in the plasma of familial-

CCM3 patients, were also found to target several DEGs in the transcriptome of human 

micro-dissected CCM lesional NVUs. Specifically, 9.4% of miR-370-3p’s gene targets, 

and 33.3% of miR-487b-3p’s targets were within the human CCM lesional transcriptome. 

miR-370-3p targets NFASC and FGF7, which were both found to be associated with PI3K-

Akt signaling, Rap1 signaling, and cell adhesion molecules [all: p<0.05, FDR corrected] 

(Data File S10). It also targets Klhl21, a DEG in the transcriptome of micro-dissected 

lesional NVUs of Ccm3+/− mice. In addition, miR-487b-3p was found to target NRARP, 
which is DE in the human CCM lesional transcriptome.

Finally, DE miR-128-3p and miR-9-5p, which were decreased, and miR-410-3p, which 

was increased (i.e., all between familial-CCM1 compared to familial-CCM3 patients) also 

target DEGs within the human CCM lesional transcriptome. miR-128-3p, miR-9-5p, and 

miR-410-3p had 10.8%, 13.5%, and 9.0% of their gene targets in the human CCM lesional 

transcriptome, respectively. Among these, IGF1 and NRXN1 are targeted by mir-128-3p. 

Of interest, IGF1 is associated with enriched-KEGG pathways such as PI3K-Akt signaling, 

HIF-1 signaling, and Rap1 signaling, while NRXN1 is related to cell adhesion molecules 

[all: p<0.05, FDR corrected] (Data File S10). Also, miR-128-3p targets Foxq1 in mice, 

which is DE in the transcriptome of Ccm1−/− mouse BMECs. Furthermore, miR-9-5p targets 

TNC, VAV3, and VCAN, which are associated with focal adhesion and cell adhesion KEGG 

pathways [all: p<0.05, FDR corrected] (Data File S10). Additionally, miR-9-5p targets 

Rap1b which is DE in the transcriptome of Ccm1−/− mouse BMECs. Finally, miR-410-3p 
targets two DEGs within the human CCM lesional transcriptome, both of which are part of 

the solute carrier group of membrane transport proteins. Interestingly, one of these genes, 

SLC8A1, is also targeted by miR-410-3p in mice and is a DEG in the transcriptome of laser 

micro-dissected lesional NVUs of Ccm3+/− mice.

Plasma miRNAs are DE in familial CCM patients with new lesion formation

Ninety-seven plasma miRNAs [p<0.05, non-FDR corrected] were DE in familial-CCM 

patients that developed a new lesion within a year after their blood draw, as compared to 

those with stable lesion burden (Data File S14). Fifteen of these 97 were also DE in familial-

CCM3 patients, when compared to healthy non-CCM subjects or familial-CCM1 patients. 

Of these 15 plasma miRNAs, 9 (miR-141-3p, miR-409-3p, miR-431-5p, miR-485-3p, 
miR-9-5p, miR-128-3p, miR-379-5p, miR-205-5p, and miR-1271-5p) were found to target 

DEGs within the transcriptome of laser micro-dissected NVUs of human surgically resected 

CCMs. These DEGs include ROCK2, VEGFA, ADAMTS5, VCAN, and NRXN1, which are 

associated with several CCM-enriched KEGG pathways such as PI3K-Akt signaling, HIF-1 

signaling, Rap1 signaling, focal adhesion, and cell adhesion molecules [all: p<0.05, FDR 

corrected] (Data File S10).

Peripheral blood levels of DE miRNAs are associated with familial CCM disease

A validation of the miRNA sequencing differential analyses was performed by assessing the 

plasma levels of a selected panel of six DE miRNAs using RT-qPCR within an independent 

cohort of 12 familial-CCM3, 12 familial-CCM1 patients, and 13 healthy non-CCM controls 

Romanos et al. Page 10

Transl Stroke Res. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Fig. 4, Fig. S2). Relative quantification ΔCq levels assessed through RT-qPCR supported 

the dysregulation observed in the miRNome sequencing data (Fig. 4).

Lower RT-qPCR relative quantification values (i.e., ΔCq ) of miR-20b-5p in the plasma of 

familial-CCM1 were observed compared to healthy non-CCM controls [p=0.04] (Fig. 4a). 

A trend toward lower relative quantification values of miR-20b-5p was also observed in 

the plasma of familial-CCM1 patients compared to familial-CCM3 patients [p=0.07] (Fig. 

4a). No difference was observed between familial-CCM3 patients and healthy non-CCM 

subjects.

Familial-CCM1 patients also showed greater RT-qPCR relative quantification values of 

plasma miR-93-5p compared to healthy non-CCM subjects [p=0.007] (Fig. 4b). In addition, 

a trend toward higher relative quantification values was observed between familial-CCM3 
compared to healthy non-CCM subjects [p=0.06] (Fig. 4b). No difference between familial-

CCM3 and familial-CCM1 patients was observed.

The relative plasma quantification RT-qPCR values of miR-9-5p were higher in the plasma 

of familial-CCM1 patients [p=0.01] as well as in healthy non-CCM subjects compared to 

familial-CCM3 patients [p=0.01] (Fig. 4c). The relative quantification values of miR-375-3p 
were also higher in the plasma of familial-CCM1 [p=0.05] and familial-CCM3 patients 

[p=0.02] compared to healthy non-CCM subjects (Fig. 4d).

Finally, the relative quantification plasma values for miR-128-3p did not show differences 

in any of the comparisons (Fig. 4e), while relative quantification values of the miRNA 

let-7e-5p were higher in the plasma of familial-CCM1 [p=0.01] and familial-CCM3 
[p=0.05] compared to healthy non-CCM subjects (Fig. 4f). The log2(FC) of DE miRNAs, 

as calculated using 2−ΔΔCq also support the differences between groups identified through 

sequencing (Fig. S2).

Further linear Pearson correlation analyses showed no correlation between relative 

quantification of any of these miRNAs and the lesion burden. These results suggest that 

these DE plasma miRNAs reflect disease genotype, rather than severity.

Integration of plasma levels of DE miRNAs with proteins enhances their association with 
familial-CCM

The relative quantification plasma levels of the six miRNAs were used to create the most 

optimal weighted combination (i.e., achieving the lowest AIC score) able to diagnose 

familial-CCM patients in comparison to non-CCM controls. This model’s accuracy was 

defined as fair [56] in distinguishing familial-CCM patients with 84% sensitivity and 67% 

specificity [AUC=75.4%, CI = 52.4% - 98.5%] (Fig. S3).

A similar approach was performed using plasma levels of proteins in familial-CCM patients. 

Using two independent ML approaches, the best weighted combination of plasma proteins 

identified familial-CCM patients from healthy non-CCM with sensitivity up to 89.5% and 

specificity up to 100% [optimal AUC =96.5%, CI = 90.1% - 100%] (Fig. S4).
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Given the imperfect diagnostic performance of miRNAs or proteins alone, combining the 

two may offer a more holistic model reflecting various aspects of the disease. Thus, an 

integrated biomarker including proteins and miRNAs was developed using familial-CCM 

patients (n=19) with both plasma levels of protein and relative quantification of miRNAs. 

Using a 10-fold cross validation ML approach, the weighted combination of proteins and 

relative quantification levels of miRNAs diagnosed familial-CCM patients with an accuracy 

of 95%, with a sensitivity of 94.7% and sensitivity of 100%. (Fig. 5a and b):

Canonical Value = −114.88∗[let−7e−5p]r + 359.47∗[miR−93−5p]r − 118.16∗[miR−20b−5p]r +
88.93∗[miR−128−3p]r + 199.47∗[IL−10] − 19.7∗[Tsp−2] − 463.18

with [X]r denoting relative quantification of miRNAs. This model estimated higher 

canonical values for familial-CCM patients compared to non-CCM healthy controls 

[p<0.0001] (Fig. 5a).

In order to validate these results, another ML approach, a leave-one-out cross validation, 

was also applied. This approach yielded a combination with the same performance of 94.7% 

sensitivity and 100% specificity (Fig. 5c and d) in diagnosing familial-CCM, however it 

included less compounds making it potentially more feasible for future clinical applicability:

Canonical Value = 2.05∗[miR−9−5p]r − 3.02∗[miR−93−5p]r − 0.01∗[IL−2] + 0.1∗[TNFRI] +
0.46∗[Tsp−2]

This additional weighted combination calculated lower canonical scores for familial-CCM 

patients compared to non-CCM healthy controls [p<0.0001] (Fig. 5c). Refer to supplemental 

material for additional results.

Discussion

Herein, we identify several homologous DE plasma miRNAs in preclinical murine models 

and CCM patients, with links to genes dysregulated in CCM disease. Additionally, we show 

that the integration of readily measurable plasma proteins and plasma levels of miRNAs 

into a combined biomarker can increase the accuracy of association with familial-CCM 

disease up to 95%. To our knowledge, such a translational approach to circulating molecule 

discovery in mouse models and humans, with mechanistic links to the disease transcriptome, 

validation in an independent cohort of human subjects, and the combination of miRNA and 

protein levels to enhance diagnostic accuracy have not been previously described in this or 

any other disease.

The role of the PI3K/Akt pathway, and specifically a mutation in PIK3CA, have long 

been associated with genesis and maturation of malignant cancers as well as vascular 

malformations [57-61]. Recently, a gain of function of PIK3CA was directly linked to CCM 

development and maturation [62-64]. The differential plasma miRNome identified several 

miRNAs that target DEGs with a reported role in PI3K/Akt signaling. miR-20b-5p and 

miR-93-5p both target VEGFA, which acts as a substrate and effector of the PI3K/Akt 

pathway, and whose involvement in angiogenesis is well elucidated [60].
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Moreover, miR-93-5p targets ROCK2, which has been shown to be involved in CCM 

pathogenesis [65, 66]. A mutation in one of the three CCM genes can cause an increase 

in RhoA/ROCK signaling, which in turn disrupts intercellular junctions and vascular 

permeability [67]. Interestingly, ROCK2 is the rho-associated protein kinase isoform most 

highly expressed in the central nervous system and is a key regulator of vascular remodeling 

and endothelial cell barrier function [66]. Atorvastatin, which has pleotropic ROCK inhibitor 

properties, is currently being tested in a clinical trial to evaluate its ability to stabilize 

CCM lesions in patients with symptomatic hemorrhage [68]. Another target of miR-93-5p, 
MAP3K14, is involved in MAPK signaling. CCMs arise from an upregulation of the 

MAPK/MEKK/ERK3 signaling pathway, with downstream overexpression of transcription 

factors Klf2 and Klf4 [69]. These findings on plasma circulating miR-93-5p may suggest a 

mechanistic role in CCM pathogenesis, and therefore deserve further investigation.

Furthermore, miR-20b-5p, miR-128-3p, and miR-93-5p target DEGs associated with HIF-1 

signaling. It has recently been shown that CCMs exhibit an increase in HIF activity. In 

fact, an increase in COX-2, a HIF-1α target, leads to increased CCM lesion genesis [70]. 

Additionally, hypoxia increases VEGF expression, leading to an upregulation of HIF-1 

and PI3K/Akt signaling, which promote angiogenesis [3, 71]. Further mechanistic studies 

on circulating miR-20b-5p, miR-128-3p, and miR-93-5p may identify their role in HIF-1 

signaling.

Of the homologous DE miRNAs, miR-9-5p targets genes associated with CCM-enriched 

KEGG pathways related to cell adhesion molecules and focal adhesion such as TNC, 

VAV3, and VCAN, which are also DEGs in the transcriptome of human micro-dissected 

CCM NVUs. An endothelial secretion of ADAMTS5 and cleavage of versican, coded by 

VCAN, have recently been reported as downstream mechanisms of CCM pathogenesis [72]. 

Additionally, an endothelial gain of ADAMTS5 was shown to synergize with CCM1 loss 

of function to create larger vascular malformations [72]. Interestingly, ADAMTS5 is also a 

putative target of not only miR-20b-5p, which was DE in the plasma of CCM1 patients and 

Ccm1 mice, but also let-7e-5p, which was specifically DE in the plasma of CCM1-familial 

patients.

Finally, Rap1 signaling was found to be associated with several DEGs targeted by 

miR-20b-5p, miR-93-5p, miR-128-3p, and miR-370-3p. Rap1 signaling is involved in 

endothelial cell migration, proliferation, and regulation of vascular permeability [54, 73, 

74]. RAP1, which is downstream of VEGF, has been shown to directly interact with 

CCM1/KRIT1, relocating it from microtubules to the cell membrane and impacting integrin 

activation [75]. Of interest, miR-9-5p was identified as putatively targeting Rap1b within the 

transcriptome of in vitro Ccm1−/− mouse BMECs.

These suggested interactions between DE miRNAs and DEGs within CCM transcriptomes 

could also define new readily translatable therapeutic targets, potentially using miRNAs for 

mRNA silencing therapy [76, 77]. DE miRNAs may also be associated with other disease 

features, such as new lesion formation, and may help generate mechanistic hypotheses for 

processes mediating de novo lesion genesis. Herein, 15 plasma miRNAs were commonly 

DE in CCM3 patients, as well as patients which formed new lesions within the following 
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year. Given that CCM3 patients experience a more aggressive form of the disease [1], these 

common DE miRNAs may offer new hypotheses surrounding lesion genesis and disease 

aggressiveness.

This study is the first to show a weighted combination of levels of plasma miRNAs 

and proteins associated with genotype in a Mendelian disease, based on ML approaches 

and Bayesian concepts. Two cross-validation methods, which reduced overfitting effects, 

confirmed that integrating plasma miRNAs and proteins improves the diagnostic association 

with familial-CCM compared to each circulating compound (e.g., plasma miRNA and 

protein) alone. This is an important proof of concept for integration of several types of 

molecules in plasma biomarker development [7]. A homologous biomarker in mice and 

humans, which can differentiate familial-CCM with germline loss of function mutations 

could be immediately applied in preclinical studies and early trials, monitoring effectiveness 

of gene restoration therapeutics, which are currently of great interest. As patients undergo 

gene therapy, one could monitor their progress and the duration of therapeutic effect as 

biomarker canonical values shift in comparison to a healthy non-CCM profile.

In summary, we have shown for the first time in any disease, that homologous DE plasma 

miRNAs can reflect the germline loss of function mutation in preclinical murine models 

and patients. We have additionally shown that plasma miRNAs can also distinguish cases 

who would develop new lesions, and plasma levels of these miRNAs can be assessed for 

facile diagnostic assays. We describe a novel approach of circulating biomarker development 

which can be applied in specific clinical contexts of use in familial-CCM and other 

Mendelian diseases.

There are limitations to our study. We had not previously defined a specific transcriptome of 

in vivo Ccm1 mouse lesions as with Ccm3 mice [21]. Therefore, it remains unclear if the 

plasma miRNAs identified in preclinical Ccm1 mice have specific putative targets within the 

lesional transcriptome in that genotype. However putative targets were identified within the 

transcriptome of murine BMECs with induced Ccm1 loss [13]. Furthermore, gene targets for 

human DE miRNAs were only queried within the CCM lesional NVU transcriptome, and 

connections to individual cell lines within the NVU cannot be described. Current studies are 

being conducted to identify specific genetic dysregulation in individual cell lines of lesional 

NVUs.

Additionally, preclinical mouse models may reflect a specific stage of CCM pathogenesis, 

and therefore may not perfectly mimic the chronicity of human disease, and this may 

impact miRNA discovery [78, 79]. The phenotypes of the respective mouse models have 

been described previously, including detailed neuropathologic correlates [80, 81]. The 

heterozygous mice were included as they most closely mimic the human disease state, 

with germ line heterozygosity. We also queried circulating miRNAs in mice with induced 

homozygous gene loss in view of their greater lesion burden. The biomarkers were identified 

in age matched cohorts but did not assess their stability or differences over time at various 

ages. And while there were no overt sex differences among the cohorts, sample sizes were 

small, and future studies should address potential sex-related biomarker differences.
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The DE miRNAs in human plasma were not significant after FDR correction, and thus were 

not as statistically stringent as with the mouse miRNA discovery. However, DE miRNAs 

in humans were statistically validated through an additional PLS-DA analysis, confirming 

their ability to distinguish between CCM genotypes. FDR corrected data in mice was used 

to guide the selection of homologous DE miRNAs in humans for additional analyses. 

Both their homologous nature, and additional mechanistic links within the CCM lesional 

transcriptome, offered biological relevance endorsing the selection of a subset of miRNAs 

for further validation. Indeed, these were validated with significant differences and the same 

directionality of respective plasma levels by RT-qPCR in an independent human cohort.

Mere discovery of an association does not validate a biomarker. Validation requires 

substantial additional development, focusing on specific analytic hypotheses and clinical 

contexts of use. Further investigation with larger sample sizes is needed to confirm the 

validity of association of these DE miRNAs with familial CCM disease. However, the 

homologous miRNAs identified herein , their validation in an independent cohort, and their 

accurate performance when combined with plasma proteins is highly encouraging. In fact, 

a large NIH-funded initiative to enroll patients for plasma protein and miRNA biomarker 

development has recently been launched, and this study is powered to examine effects of 

sex, age, lesion location and genotype, and patient recruitment at multiple sites [7].

Finally, the identification of potential gene targets of DE miRNAs was limited to databases 

available within miRWalk. However, miRWalk employs an extensive comparative search of 

several reputable databases and literature sources to ensure both predicted and validated 

miRNA-gene interactions are reported [39]. Out of the 10 homologous DE miRNAs queried 

in miRWalk, only 1 did not have any putative gene targets identified (Data File S9).

This study identified potential biomarker candidates that reflect CCM genotype (i.e., 

germline CCM/Ccm gene loss), regardless of lesion burden in patients and mice [81, 82]. 

The preliminary results shown herein for the development of biomarkers reflecting genotype 

do not imply direct applicability in other contexts of use such as lesion burden or bleeding. 

The discovery of miRNAs related to new lesion formation provides a proof of concept for a 

potential prognostic context of use, to be tested and validated in future studies. Other studies 

are underway to identify miRNAs in correlation with lesional hemorrhage.

Finally, while the mechanistic links of the DE miRNAs are compelling, they are merely 

hypothesis generating. Causation was only investigated in relation to gene loss in 

mouse models. Isolation of miRNA from lesional endothelial cells or endothelial specific 

circulating exosomes may provide more direct mechanistic insights, however this falls 

outside the scope of our current study, which is primarily focused on associations with 

molecules in the circulating plasma. Since the origin and role of circulating miRNAs 

remains unclear, it is likely that lesional and circulating miRNAs may show different 

signatures of dysregulation [83, 84]. Thus, no concrete claims can be made about these 

plasma miRNAs and their intra-lesional levels. Other research is underway aimed at 

metabolomic discovery, which might identify other small circulating molecules that can 

further enhance biomarker performance.
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Fig. 1. Methodological Overview for Identification of Mechanistically Relevant Homologous 
Differentially Expressed (DE) miRNAs.
A parallel methodological pipeline was applied for murine models (N=41) and human 

subjects (N=30) to identify DE miRNA in the plasma of CCM1 (n=14 mouse, n=13 human) 

and CCM3 (n=12 mouse, n=10 human) genotypes compared to healthy controls (n=7), 

wild type (n=15), and each other. Once homologous DE miRNA were identified using 

the MirGeneDB database, MirWalk 3.0 was used to query putative gene targets of each 

homologous DE miRNA in mice and then in patients. Gene targets were compared to 

DE genes within previously published CCM transcriptomes, including the transcriptomes 

of mouse in vitro Ccm1−/− BMECs, and Ccm3−/− brain microvascular endothelial cells 

(BMECs), as well as in vivo Ccm3+/− lesional neurovascular units (NVUs) and laser micro-

dissected NVUs of human surgically resected CCM lesions. Illustrative images represent 

microCT of Ccm3−/− mouse brain, and SWI (susceptibility weighted imaging) MRI of 

human brain with CCM disease and CCM3 genotype.
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Fig. 2. Homologous Differentially Expressed (DE) Plasma miRNAs in Mouse and Human CCM1 
and CCM3 Genotypes.
This was constructed to portray commonalities in DE miRNAs between human and mice in 

each differential expression comparison made. Ten DE plasma miRNAs were identified as 

homologous between mice (N=41) and human (N=30) CCM1 (n=7 mice, n=13 human) and 

CCM3 (n=7 mice, n=10 human) genotypes and non-CCM (n=7 mice, n=7 human) controls. 

miR-375-3p was upregulated in CCM1 patients and Ccm1 mice as well as in CCM3 patients 

and Ccm3 mice compared to healthy controls (HC) and wild type (WT) mice. miR-93-5p 
was downregulated in CCM3 patients and Ccm3 mice compared to HC and WT mice. It 

was also downregulated in CCM1 patients and Ccm1 mice compared to CCM3 patients and 

Ccm3 mice. miR-20b-5p was upregulated in CCM1 patients and Ccm1 mice compared to 

HC and WT mice. miR-370-3p, miR-487b-3p, and miR-369-5p were upregulated in CCM3 
patients and Ccm3 mice compared to HC and WT mice. miR-410-3p and miR-323-3p were 

upregulated in CCM1 patients and Ccm1 mice compared to CCM3 patients and Ccm3 
mice. miR-128-3p and miR-9-5p were upregulated in Ccm1 compared to Ccm3 in mice but 

downregulated in CCM1 compared to CCM3 in patients.
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Fig. 3. Homologous Differentially Expressed (DE) Plasma miRNAs of CCM1 and CCM3 Target 
Genes Associated with CCM-Enriched KEGG Pathways.
Seven of the ten homologous DE plasma miRNAs identified between mice (N=41) and 

humans (N=30) target DE genes [∣FC∣>1.5; p<0.05, FDR corrected] within the previously 

published transcriptomes of (1) laser micro-dissected NVUs of human surgically resected 

CCM lesions, and/or (2) in vitro Ccm1−/− mouse BMECs, (2) in vitro Ccm3−/− mouse 

BMECs, as well as within (3) laser micro-dissected lesional NVUs of Ccm3+/− mice 

[13, 21]. The color-coded enriched KEGG pathways [p<0.05, FDR corrected; Bayes 

factor≥3] presented were limited to (1) those related to CCM processes identified through 

a comprehensive literature search and (2) linked to at least two homologous DE miRNAs. 

These biological processes include: (1) Neuron, Glia, Pericyte Function, (2) Permeability/

Adhesion, (3) Apoptosis and Oxidative Stress, (4) Inflammation/Immune Response, (5) 

Vascular Processes, (6) Cellular Proliferation. Additionally, only DE genes linked to these 

KEGG pathways are shown. Homologous DE miRNAs are shown with a gradual increase in 

size for an increasing number of connections to DE genes.
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Fig. 4. Relative Quantification of Differentially Expressed (DE) miRNAs through RT-qPCR.
Validation of miRNome results were performed on a select panel of DE miRNAs in an 

independent cohort (N=37) of familial-CCM patients along with healthy non-CCM controls 

using RT-qPCR. The Cq value is inversely related with the plasma concentration of miRNA, 

therefore ΔCq values are opposite to the fold change. The averaged ΔCq of (a) miR-20b-5p 
was higher in non-CCM subjects (n=12) and CCM3 patients (n=9) compared to CCM1 
patients (n=8), (b) miR-93-5p was higher in CCM1 (n=12) and CCM3 (n=12) patients 

compared to non-CCM subjects (n=11), (c) miR-9-5p was higher in non-CCM subjects 

(n=10) and CCM1 patients (n=12) compared to CCM3 patients (n=9), (d) miR-375-3p 
was higher in CCM1 (n=11) and CCM3 (n=10) patients compared to non-CCM subjects 

(n=10), (e) miR-128-3p showed no significant differences between groups (n=12 CCM1, 

n=9 CCM3, n=12 non-CCM) , (f) let-7e-5p levels was lower in CCM1 (n=12) and CCM3 
(n=11) patients compared to non-CCM subjects (n=8). Statistical analyses were performed 

using a Mann-Whitney test. Values greater than 3 standard deviations from the mean were 

excluded as outliers. *p<0.05; **p<0.01; NS=not significant
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Fig. 5. Integrated Plasma miRNA and Protein Biomarker and Diagnosis of Familial CCM.
Two machine learning approaches were applied to integrate plasma miRNAs and proteins 

into a diagnostic biomarker for CCM and identify the best model with the lowest 

Akaike information criterion in 25 subjects. (a) Using a 10-fold cross validation method, 

the best weighted combination of molecules to diagnose familial CCM (n=19) from 

non-CCM (n=6) subjects included plasma relative quantification values of let-7e-5p, 
miR-93-5p, miR-20b-5p, miR-128-3p, and plasma concentrations of interleukin-10 (IL-10) 

and thrombospondin-2 (Tsp-2). (b) Receiver operating characteristic (ROC) analysis for 

this model yielded a 97.5% area under the curve (AUC), with a sensitivity of 94.7% and 

specificity of 100%. The red curve represents the average ROC of the cross validation, while 

the dash-dotted lines represent the unique ROC curves generated for each of the 10 iterations 

within the 10-fold cross validation. (c) Using a leave-one-out cross validation method, the 

best weighted combination of molecules to diagnose familial CCM (n=19) from non-CCM 

(n=6) subjects included plasma relative quantification values of miR-93-5p, miR-9-5p, and 

plasma concentrations of interleukin-2 (IL-2), tumor necrosis factor receptor 1 (TNFRI), and 

Tsp-2. (d) ROC analysis for this model yielded a 97.4% AUC, with a sensitivity of 94.7% 

and a specificity of 100%. [X]r denotes the relative quantification value for each miRNA. 
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Statistical analyses to compare the canonical values were implemented using an unpaired 

two samples Student’s t-test, assessed with pooled standard deviation, or Mann-Whitney test 

according to the equality of the variance. ***p<0.001
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Table 1.

Cohort Demographics of 23 CCM Patients (n=13 CCM1, n=10 CCM3) and Healthy Controls (n=7) for 

miRNome Sequencing in N=30 subjects.

Patient Characteristics CCM1 CCM3 Healthy non-CCM

Sample Size 13 10 7

Age (mean ± SD) 30.9 ± 21.9 24.1 ± 13.5 22.1 ± 4.1

  Range (yr.) [4.3 – 59.5] [10.2 - 62.3] [19.1 – 30.6]

Female (%) 53.8 60.0 57.1

Lesion Characteristics

  Number of SWI-weighted lesions (mean ± SD) 32.2 ± 39.4 44.0 ± 26.5 NA

   Range [4 -105] [10 -101]

  Number of T2-weighted lesions (mean ± SD) 7.1 ± 7.4 18.9 ± 11.0 NA

   Range [2 - 23] [5 - 39]

  Patients with T2 brainstem lesions (%) 23.0 10.0 NA

Ethnicity

  White/European (%) 53.8 100 28.6

  African American (%) 23.1 0 14.2

  Hispanic (%) 23.1 0 28.6

  Asian (%) 0 0 28.6

SWI=susceptibility weighted imaging; SD=standard deviation, NA=not applicable
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Table 2.

Cohort Demographics for 37 subjects of 24 CCM Patients (n=12 CCM1, n=12 CCM3) and Healthy Controls 

(n=13) for RT-qPCR Validation.

Patient Characteristics CCM1 CCM3 Healthy non-CCM

Sample Size 12 12 13

Age (mean ± SD) 43.7 ± 20.8 28.5 ± 19.0 39.7 ± 14.7

  Range (yr.) [12.2 - 67.5] [7.0 - 64.7] [19.3 - 63.6]

Female (%) 83.3 41.7 53.8

Lesion Characteristics

  Number of SWI-weighted lesions (mean ± SD) 49.3 ± 46.3 36.2 ± 33.0 NA

   Range [1 -106] [9 -101]

  Number of T2-weighted lesions (mean ± SD) 6.9 ± 7.6 11.0 ± 6.6 NA

   Range [0 - 23] [3 - 22]

  Patients with T2 brainstem lesions (%) 33.3 8.3 NA

Ethnicity

  White/European (%) 91.7 91.7 53.5

  African American (%) 8.3 0 23.0

  Hispanic (%) 0 0 8.2

  Asian (%) 0 8.3 15.3

SWI=susceptibility weighted imaging; SD=standard deviation, NA=not applicable
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