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Abstract 

Familial Cerebral Cavernous Malformations type III (fCCM3) is a disease of the cerebrovascular system 

caused by loss-of-function mutations in pdcd10 (ccm3) that result in dilated capillary beds susceptible to 

hemorrhage. No effective pharmacologic treatment is available. Prior to hemorrhage, fCCM3 lesions are 

characterized by a hyperpermeable blood brain barrier (BBB) that is the key pathologic feature of fCCM3. 

We have identified that connexin 43 (Cx43), a gap junction (GJ) protein incorporated into the BBB junction 

complex, is upregulated in lesions of murine model of fCCM3 (ccm3+/-p53-/-). Importantly, we have found 

that Cx43 is highly expressed in developing lesions permeable to gadolinium 

diethylenetriaminepentacetate (Gd-DTPA) prior to hemorrhage. In murine brain endothelial cells (mBECs) 

in vitro, siRNA-mediated ccm3 knockdown (CCM3KD) upregulated Cx43 protein expression, increased GJ 

plaque size and GJ intracellular communication (GJIC) and increased barrier permeability. Barrier 

hyperpermeability was blocked by GAP27, a peptide inhibitor of Cx43 GJIC. Cx43 GJs appear to regulate 

permeability via effects on tight junction (TJ) formation. In particular, TJ protein ZO-1 preferentially 

accumulates as plaque-like structures at Cx43 GJs, only exhibiting fragmented ZO-1 staining at the TJs 

along the cell border. Inhibition of Cx43 GJs with GAP27 in CCM3KD cells restored ZO-1 to TJ structures 

and reduced plaque accumulation at Cx43 GJs. The TJ protein claudin-5 was also fragmented at TJs in 

CCM3KD cells, and GAP27 treatment lengthened TJ-associated fragments and increased transcellular 

claudin 5-claudin 5 interaction.  

We have additionally identified that overexpression of Cx43 and its 20kDa isoform (20-Cx43) in 

mBECs alone recapitulates many aspects of CCM3KD cells, including increased GJIC, increased 

hemichannel activity and increased permeability. Full length and 20-Cx43-overexpressing cells also display 

fragmented ZO-1 TJ staining. Intriguingly we observe that mBECs overexpressing 20-Cx43 have altered 
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endogenous Cx43 and TJ gene transcription as well as a depletion of full length Cx43 from the chromatin-

bound cellular compartment that mirrors CCM3KD cells. Overall, we demonstrate that Cx43 expression 

and GJIC in fCCM3 and Cx43 overexpressing cells regulate barrier permeability by a TJ-dependent 

mechanism. Importantly, Cx43 GJIC represents a potential target to pursue further in the search for 

pharmacologic fCCM3 treatments.  
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Chapter 1: Introduction 

1.1 The Blood Brain Barrier 

1.1.1 Functions of the Blood Brain Barrier 

The blood brain barrier (BBB) was first described by Paul Ehrlich in a series of experiments in which dye 

injected into the circulatory system did not diffuse into the brain, while it could be seen in other organs 

of the body (1,2). Later observations determined that neurotoxic agents were only fatal when injected 

into the cerebrospinal fluid but not the circulatory system (2-4). Given the importance of neurological 

function to survival, the BBB serves as an evolved mechanism that prevents non-selective introduction of 

blood-borne material into the brain. Many levels of regulation exist to ensure competence of the barrier, 

including specialized neurovascular architecture and endothelial junctions. A vast number of diseases can 

cause primary or secondary BBB insufficiency, including inflammatory diseases that disrupt cellular 

homeostasis to promote leakage across the barrier, as in epilepsy or CNS vasculitis (5). Secondary 

pathologies of Alzheimer’s disease and Parkinson’s disease arise from insufficient clearance of toxic 

substances from the brain (5). Understanding the cellular mechanisms regulating barrier permeability in 

both homeostatic and disease states is of the utmost importance to the prevention and treatment of 

disease. 

 1.1.2 The neurovascular unit in development and homeostasis  

The neurovascular unit (NVU) is comprised of endothelial cells (ECs) lining the neurovascular capillary beds 

and their supporting cell types, including pericytes and astrocytes, and the basement membrane (Fig 

1.1.1). While ECs are the only cell type of the NVU to come in direct contact with the blood and represent 

the central gate keepers to the brain, the NVU is required in its entirety to allow adequate function of ECs 
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in the BBB. This section is intended to give a brief introduction to the important features of the NVU in 

development and homeostasis.  

 Endothelium of the BBB are 

highly specialized and exhibit marked 

differences from endothelium lining the 

general circulatory system. Such 

specialized features include inhibition of 

pinocytosis and bulk transcytosis, both of 

which reduce the transport of material 

into and out of endothelial cells, termed 

transcellular permeability. Additionally, 

brain ECs have tighter regulation of 

leukocyte adhesion molecule expression, reducing the extravasation of immune cells (5). In addition to 

preventing transcellular permeability, brain ECs also express highly regulated junctional proteins that form 

such tight junctions between neighboring ECs that even ions can only pass through a selective mechanism 

based on tight junction strand pore formation (6,7). Junctional proteins form the other main feature of 

the BBB – prevention of paracellular permeability. The features of brain ECs that regulate the BBB at the 

cellular level are discussed in more detail in the next section. 

 Pericytes regulate blood flow through regulating vessel diameter via changes to the actin 

cytoskeleton (8). PDGFR- and PDGF- knockout (KO) mice lack brain pericytes and die due to CNS 

microhemorrhages (9). The cellular mechanism of this KO phenotype lies in the disrupted TJ presence and 

organization (10, 11). During development, nascent ECs produce PDGF-, attracting pericytes to the 

sprouting vessel (12). Subsequently, secretion of TGF- by both cell types promotes adhesion of pericytes 

to the growing vessel (13, 14). SMAD4 KO mice, lacking TGF- receptor, are embryonic lethal and display 
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decreased TJ formation, vessel permeability and hemorrhage (15). The mechanism by which TGF- 

promotes pericyte adhesion is through upregulation of N-cadherin on ECs. Notch signaling between 

pericytes and ECs also regulates the expression of N-cadherin and sphingosine-1 phosphate (S1P) 

intercellular signaling stimulates the transportation of N-cadherin to the EC plasma membrane (16). 

Deficiencies in any of these pathways result in BBB integrity defects as a consequence of lack of proper 

EC/pericyte interaction. 

 Astrocytes regulate the BBB through regulating the concentration of materials in the extracellular 

space between astrocytic endfeet and the EC basement membrane, including neurotransmitters, ions and 

water. Co-culture experiments suggest that astrocytes release soluble factors, including fibroblast growth 

factor 2 (FGF2) and interleukin-6 (IL-6), that promote maturation of BBB (17, 18). ECs grown in co-culture 

with astrocytes demonstrate more well-formed TJs and decreased monolayer permeability compared to 

ECs cultured by themselves (19). In vitro experiments suggest that astrocytes may also promote BBB 

formation through secretion of Ang-1, which activates Tie-2 receptors of ECs and leads to increased 

expression of TJ proteins (20). In addition to TJ protein expression, Ang-1, in conjunction with downstream 

activation of EC Ang-1 receptor AT-1, can regulate the accumulation of occludin in lipid rafts, and in this 

way, also contribute to EC barrier properties (21). 

 The basement membrane is composed of structural proteins and adhesion molecules secreted by 

NVU cells. Structural proteins including collagen IV, laminin and fibronectin, create the platform upon 

which cells of the NVU can interact (22). Adhesion molecules provide a docking station for those cells 

which express transmembrane adhesion molecule receptors, including integrins.1-integrins are 

particularly important for the differentiation and stabilization of ECs and vessels in the mouse brain. 1-

integrin deficiencies prevent interaction with laminin, thus preventing adhesion to the ECM and 

downstream signaling associated with 1-integrin stimulation, including expression of TJ protein claudin-

5 (23). In addition, integrin binding promotes astrocytic activation of TGF- that results in activation of 
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stabilization pathways preventing angiogenesis (24). Finally, in addition to structural and adhesion 

proteins in ECM, signaling molecules can also be secreted and trapped within the matrix, allowing for 

latent effects when they are activated or inhibited in particular conditions (25, 26). 

 Other key pathways in ECs contribute to BBB development and maturation in addition to support 

from NVU cell types. Angiogenesis occurs in part by the release of vascular endothelial growth factor 

(VEGF) from neuroprogenitor cells, stimulating the sprouting of capillaries from larger vessels (27-29). 

Endothelial VEGF receptor 2 (VEGFR2) plays a significant role in angiogenesis by activating the Ras-Raf-

MEK pathway, PI3K-Akt pathway, and p38 MAPK–HSP27 pathway, leading to EC proliferation, survival and 

migration, respectively (30). The Wnt--catenin pathway is also involved in angiogenesis in development. 

Wnt7b-KO mice die of brain hemorrhage between E11-E13, and canonical Wnt signaling induces the 

expression of Glut1 transporter in the developing brain (31, 32). Additionally, accumulation of -catenin 

enhances downstream signaling of VEGFR2, promoting further angiogenesis and sprouting (33). Beyond 

angiogenesis, barrier maturation occurs through the activation of sonic hedgehog (SHH). Shh-KO mice die 

between E11 and E13.5 due to BBB insufficiency (34). Assessment of TJ expression indicates significantly 

reduced expression of occludin and claudin-5 (34). KO mice of elements downstream of Shh also lead to 

embryonic lethality due to an inability to close the barrier and associated deficiency in TJ protein 

expression (34). 

1.1.3 Endothelial cells and BBB occlusion 

 With the help of pericytes, astrocytes and other features of the NVU, ECs function as the gate 

keepers of the BBB by regulating highly selective transcellular and paracellular permeability in a manner 

distinct from ECs in the general circulatory system. Cerebrovascular ECs regulate transcellular 

permeability through mechanisms including active efflux, carrier-mediated transport (CMT), receptor-

mediated transport (RMT) and the major facilitator superfamily of transport molecules, among others. 

Insufficiency or aberrant activation of systems regulating transcellular permeability can result in a 



5 
 

hyperpermeable BBB. For example, neurological defects in Alzheimer’s and Parkinson’s Disease are 

associated with alterations in active efflux, a process mediated by ATP-binding cassette (ABC) proteins on 

the luminal side of ECs that create ATP-driven pumps to promote the efflux of metabolites and other small 

molecules (35-37). While the majority of this dissertation will focus on the regulation of paracellular 

permeability, it is important to keep in mind that mechanisms regulating transcellular permeability are 

also paramount to BBB integrity and have been implicated in disease pathogenesis (35-41). 

 Paracellular permeability, the ability of molecules, blood and other cell types to pass between two 

ECs, is maintained by multiple junctional complexes including tight junctions (TJs) and adherens junctions 

(AJs) (Fig. 1.1.2). Tight and adherens junctions are organized in similar manners with different component 

proteins. Each junction complex includes transmembrane proteins that span the intercellular space and 

bind to their counterparts on neighboring endothelial cells. These trans-interactions, particularly those of 
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the TJs, serve as the principal mechanism by which the paracellular space is occluded. The transmembrane 

proteins of TJs and AJs are anchored to the actin cytoskeleton by scaffolding proteins. The expression and 

localization of each junctional component is coordinated by various cellular signals throughout 

development and homeostasis. Each junction is described in detail below. 

 Multiple transmembrane proteins can be found in TJs. Claudin-5 is the most abundantly expressed 

claudin in brain endothelia, with approximately 1000 fold greater mRNA expression compared to other 

claudins (42). Claudin-3 is also expressed in brain endothelial cells, however, it is much more abundant 

during embryonic development and less so in adult brain ECs (43). In addition to claudin-3’s expression 

pattern, a role for claudin-3 in development is supported by the observation that it is inducible by Wnt/-

catenin signaling and potentially represents a mechanism by which alterations to the Wnt/-catenin 

pathway reduces BBB integrity in development (44). Claudin-1 and claudin-12 are also expressed by brain 

ECs, however, their expression is low during homeostasis while high expression can be observed in disease 

states, such as claudin-1 following stroke (45). Importantly, while claudins-1, -3 and -5 are capable of 

forming homo- and hetero- trans-interactions, claudins-1, -3 or -5 knockout mice have demonstrated that 

claudin-5 is particularly important for barrier closure, dying shortly after birth due to brain edema, while 

other claudin-specific knockout mice have a functionally intact BBB (46).  

 In addition to claudins, occludin and junctional adhesion molecule (JAM) family members also 

comprise the transmembrane spanning portion of TJs. occludin and JAMs form homo trans-interactions 

bolstering the barrier, however, as with claudin-1, -3, and -12, occludin is not required for closure of the 

BBB indicated by intact TJ structures in occludin-KO mice (47). JAM proteins interact with integrins, 

providing additional BBB structural integrity, and also facilitate leukocyte extravasation (48, 49). 

 Zonula occludens -1 and -2 (ZO-1, ZO-2) are the core scaffolding proteins of the TJ complex in the 

brain. Each contain PDZ binding domains that enable interaction with transmembrane proteins, including 

claudins, occludin, and JAM-A, as well as others such as Gap Junction protein Connexin 43 (Cx43) (50, 51). 
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ZO proteins also contain an actin-binding region that allows direct interaction with F-actin (52). Additional 

actin-associated proteins, including cortactin, vinculin and VASP, co-localize and can be precipitated with 

ZO-1, suggesting additional mediators of ZO/actin cytoskeleton interaction (53, 54). ZO-1 is incorporated 

into AJs through interaction with -catenin (55). 

 Adherens junctions are situated abluminal of TJs on the lateral membrane. Transmembrane 

proteins of AJs include cadherins, with VE-cadherin being the most abundantly expressed in brain ECs with 

low expression of N- and E-cadherin (56, 57). As with claudins and occludin of the TJs, cadherins also form 

trans-interactions to tether together neighboring ECs (55). Intracellular proteins of AJs included - and -

catenin, p120 and plakoglobin (55). -catenin facilitates the trafficking and insertion of cadherins into the 

membrane and upon phosphorylation, can signal for the endocytosis of cadherins (58). Following 

membrane insertion, cadherin-associated -catenin can recruit -catenin, and together this complex 

facilitates the anchoring of cadherins with the actin cytoskeleton via -catenin (59). p120 catenin also 

anchors catenins to microtubules (60). AJs can be perturbed by rearrangements of the actin cytoskeleton 

mediated by GTPases Rho or Rac (61).   

1.2 Gap Junction proteins 

Until recently, TJs and AJs were the principal junctional complexes believed to regulate paracellular 

permeability in the BBB. However, all cell types of the NVU express functional gap junctions, and while 

barrier maintenance has not traditionally been ascribed to GJ or their component proteins, emerging 

studies have begun to uncover contributions to the BBB. Gap junctions will be discussed in brief below, 

with further details provided in chapters 2 and 4. 

1.2.1 Canonical functions of connexins 

 Connexin (Cx) family members canonically function as gap junctions (GJs) or hemichannels (HCs). 

Several Cx family members have been identified and display tissue-specific expression (62). Cxs typically 

have four transmembrane-spanning domains with unstructured N- and C-terminal cytoplasmic tails, the 
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latter of which serves as the main regulator of Cx function (63; Fig. 1.2.1, left). Cx37, Cx40 and Cx43, named 

for their molecule weight of 37-, 40- or 43kDa, respectively, are expressed in brain endothelial cells (64, 

65). Each Cx can form GJs or HCs following homo- or heterohexamerization and insertion into the plasma 

membrane (66, 67). GJs are formed by the aggregation of multiple Cx hexamers (termed a GJ plaque) and 

direct opposition of a neighboring cell GJ plaque (Fig. 1.2.1, right). The center of Cx hexamers function as 

a channel through which molecules of less than 1kDa can non-selectively pass from one cell cytosol to the 

other (63). Separately, the insertion of Cx hexamers into the plasma membrane that do not aggregate and 

do not directly oppose Cx GJ plaques on opposing cells function as HCs (Fig. 1.2.1, center). In a similar 

manner, the interior of HC Cx hexamers form a channel for the bi-directional, non-selective transport of 

molecules <1kDa, from cytosol to the extracellular space. 

 Given the non-selective passage 

of molecules through Cx channels, 

it is no surprise that channel 

opening is regulated at multiple 

levels, including phosphorylation 

and GJ plaque aggregation. The Cx 

C-terminal cytoplasmic tail (CT) 

regulates channel function at the 

membrane and its sequence varies widely among Cxs (63, 68). Cx43 is the most ubiquitously expressed 

and well-studied of the Cx family members, so knowledge Cx CT regulatory functions have been derived 

from the Cx43 CT, but are not necessarily representative of all Cxs, particularly with respect to 

phosphorylation sites and interacting kinases. Phosphorylation of Cx43 at S325/328/330 promotes GJ 

channel opening by inducing a conformation change by which the negatively charged CT interacts with 
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the positively charged cytoplasmic loop (CL) (69, 70). MAPK-driven phosphorylation of S279/282 result in 

the inhibition of channel opening through a proposed mechanism of releasing the CT from the CL (70, 71). 

1.2.2 Connexin life cycle and turnover 

 In addition to phosphorylation events regulating channel opening, the delivery of Cxs to the 

membrane and assembly into GJ plaques also govern overall GJ and HC activity. The N-terminus of Cxs is 

essential for their oligomerization (72). Trafficking of connexins through the endoplasmic reticulum (ER), 

through the Golgi network and to the plasma membrane is dependent on their oligomerization state. 

While Cx37 and Cx40 hexamerize in the ER and this is required for trafficking to the Golgi and beyond, 

Cx43 is unique in its delayed oligomerization in the trans-Golgi network (73). It is not understood why this 

differential regulation exists, however, Cx43-specific chaperone protein, ERp29, has been identified as 

crucial to restrict Cx43 oligomerization in the ER (74). Cells lacking ERp29 do not express Cx43 GJs at their 

cell surface. Phosphorylation of S364/365 promotes the trafficking of Cx43 from the Golgi to the plasma 

membrane, while protein phosphatase 2A (PP2A) binds Cx43 in the Golgi to remove inhibitory phosphates 

(75, 76). 

 Connexin degradation represents the final level of GJ and HC activity regulation. Cx43 is reported 

to utilize both lysosomal and proteosomal degradation pathways. Protein kinase C-mediated 

phosphorylation of Cx43 at S368 targets Cx43 for disassembly for the GJ plaque and subsequent 

degradation (77, 78). This phosphorylation event promotes Cx43 ubiquitination by the E3 ubiquitin-

protein ligase, Nedd4 (79, 80). In this proposed pathway, Eps15 binds ubiquitinated Cx43 and facilitates 

its internalization and degradation via the 26S proteasome (81). Cx43 can also be flagged for degradation 

in the endoplasmic reticulum (ER) in a process mediated by the ubiquitin-like protein, Cx43-interacting 

protein of 75kDa (CIP75) (82). Altered expression or function of Nedd4, Eps15, or CIP75 have been 

implicated in disease progression, including various cancers in which over-activation of Nedd4 leads to 

loss of Cx43 GJIC (83). Cx43 can also be degraded in a lysosome-dependent pathway. Lysosome inhibition 



10 
 

results in accumulation of Cx43 GJs and inhibition of Cx43 transport pathways results in the appearance 

of Cx43 in lysosomes (84). The specific signals regulating lysosomal degradation have not been described. 

1.2.3 Channel independent functions of Cx43 

 In recent years an increasing number of studies have demonstrated channel-independent 

functions of Cx43 – functions that do not require the presence or activity of GJs or HCs. Connexin 

expression and GJIC is low or absent in many cancer cell lines, including breast cancer, prostate cancer, 

lung cancer and others, which prompted the study of how Cxs may regulate cell cycle progression or cell 

growth. One study observed that re-introduction and overexpression of Cx43 in a lung cancer cell line 

resulted in an increase in E-cadherin and blockage of cell cycle progression (85). An inhibition of cell cycle 

progression could also be seen with Cx43 overexpression in a hepatocellular carcinoma cell line (86). In 

both studies, no increase in GJIC was observed and exogenously-expressed Cx43 was localized to the 

cytosol, leading researchers to conclude that the function of Cx43 in cell cycle control is independent of 

its channel functions. Induction of otherwise Cx43 depleted cancer cells has also been implicated in cell 

migration and differentiation (87). Overexpression of Cx43 in MDA-MB-231 breast cancer cells reduced 

migration, however, high Cx43 expression in C6 glioma was determined to promote invasion, thus the 

functions of Cx43 in migration and other cancer phenotypes are likely cell-type specific (88). Many 

interacting proteins have been implicated in facilitating Cx43-dependent migration, including ZO-1, 

cadherin and cortical actin-binding protein, cortactin (88). Additionally, many studies have demonstrated 

that exogenous expression of the Cx43 C-terminal tail results in a plethora of phenotypes regulating both 

channel and channel-independent functions (89). Those studies are discussed in more detail in Chapter 4. 

1.2.4 Connexins in disease 

Mutations in Cx family members have been described in several diseases. Most prevalent is 

Oculodentodigital dysplasia (ODDD), in which mutations in the N-terminus of Cx43 prevent the formation 

of GJs (91). ODDD manifests in physical deformities of eyes, teeth and limbs, however a third of patients 
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also develop neuropathies. The contributions of endothelial Cx43 to these neuropathies has not been 

described, however, Cx43 deficiency in astrocytes contributes to neuron-coupling neuropathies observed 

in ODDD. Mutations in Cx37 and Cx40 have to been described in the literature to contribute to cardiac 

disease, particularly with electric coupling of cardiomyocytes and ascribed to dysregulated HC activity (91-

93). Mutations in Cx37 and Cx40 that affect the neurovascular unit or BBB integrity have not been 

described. 

Several recent studies have linked elevated Cx43 expression in endothelial cells to defective 

barrier properties in the lung and brain (94-96). Thrombin-induced elevation of Cx43 in lung endothelial 

was associated with increased permeability (94). siRNA-mediated decrease of Cx43 rescued this 

permeability defect. Additionally, increases in Cx43-mediated calcium signaling in brain endothelial in 

vitro can kill Cx43-normal neighboring cells (97). In general, alterations to calcium waves, particularly in 

astrocytes, can be detrimental to barrier integrity (95). What is lacking are studies examining the 

interaction between Cx43 GJs and brain endothelial TJs and AJs. Studies have demonstrated a reciprocal 

relationship between the expression of Cx43 and E-cadherin in development, and ZO-1 interacts with the 

CT of Cx43 to inhibit GJ plaque accretion and subsequent GJ intercellular communication (GJIC) (85, 98). 

A cohesive study of how or if Cx43 can affect permeability in a junction-mediated manner has not been 

performed. 

Overall, proper expression and organization of junctional complexes, including tight, adherens 

and gap junctions are required to prevent the trans- or paracellular permeability of brain ECs. 

Unsurprisingly, defects in one or more junctional complexes are pathologic to BBB integrity in many 

diseases (5). One such disease, cerebral cavernous malformations (CCM), highlights the uniqueness of 

these complexes to the BBB and its integrity. In CCMs, mutations in proteins ubiquitously expressed 

throughout the body manifest exclusively in the cerebral vascular system. The study of CCMs offer insights 

not only to the treatment of human patients, but also to the basic biology of the BBB. 
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1.3 Cerebral cavernous malformations 

 Cerebral cavernous malformations (CCM) are characterized by cerebral vascular lesions in which 

capillary beds have become enlarged, dilated caverns with altered blood flow and insufficient BBB 

integrity. Patients experience a wide range of symptoms including stroke, seizure, focal neurological 

deficits and hemorrhage. CCM cases are categorized as sporadic or familial. Familial patients carry a 

heterozygous mutation for krit1, ccm2 or pdcd10 (fCCM1, 2,or 3) while sporadic patients (sCCM) are 

genetically normal at these loci. Intriguingly, while CCM proteins are ubiquitously expressed, CCM disease 

only manifests in the cerebrovascular system. While CCM has been clinically observed for a long time, 

identification of krit1 (ccm1), MGC4607 (ccm2), and pdcd10 (ccm3) has been relatively recent, with ccm3 

only being identified in 2005 (99, 100). Consequently, molecular pathways governing fCCM pathogenesis 

are still being defined and pharmaceutical options for treatment are lacking. Available treatment for 

patients include symptomatic management, surgical excision of lesions, or gamma knife surgery, all of 

which are not curative (101-104). For these reasons, the CCM field is focused on the identification of 

therapeutic targets. 

1.3.1 CCM clinical disease 

 The overall prevalence of CCM disease in the general population is 0.1-0.5%. CCMs are the second 

most prevalent of vascular malformations (10-15%), following developmental venous anomalies (DVA). 

Of CCM patients, sporadic cases represent approximately 90% of all cases, while of the familial cases, 

fCCM1, 2, and 3 account for 56%, 33% and 6%, respectively (101). Sporadic patients present with a single 

lesion at variable age of onset. Many sporadic cases are identified as a result of diagnostic testing for an 

independent disease, given that lesion symptoms are highly dependent on their localization with the 

cerebrovascular system. Familial patients, on the other hand, have multiple lesions, with the central 

clinical difference between the three subtypes being age of onset. The majority of fCCM3 patients will 

experience lesion-related symptoms prior to age 10, while fCCM1 and fCCM2 patients will not experience 
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symptoms until age 20-40 years (101). The gold standard for lesion visualization, including identification 

permeable and/or hemorrhaged lesions, is T2*-weighted MRI imaging (Fig. 1.3.1) (101, 105). 

 The clinical course of fCCM disease shows great diversity between and among fCCM subtypes. 

Twenty three to fifty percent of patients present with seizure, 6-52% with headache, 20-45% with focal 

neurological defect and 9-56% percent with hemorrhage (101). Consistent with the greater severity of 

fCCM3 subtype, 53% of fCCM3 patients present with bleeding as the first symptom, while only 20-39% of 

fCCM1 and 2 patients present with bleeding (101). As hemorrhage represents the most dangerous of 

symptoms, hemorrhage prediction is of particular importance for clinicians. Lesion bleeding rates vary 

widely depending on study, as many studies do not differentiate between familial subtypes, but have been 

reported as high as 3.1% per individual per year (101). It is debated whether previous bleeds can affect 

future bleeds from the same lesion, with some studies finding that previous bleeds are the best predictor 

of future bleeds, while other studies do not find an association (101, 106). 

 The diversity of clinical outcomes for fCCM patients may be due to the genetics of the individual 

and of individual lesions. A two-hit hypothesis is widely accepted as the mechanism by which lesions are 

initiated (107, 108). Individuals inherit one ccm allele with a null mutation and acquire at some point, 
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whether in development or as an adult, a somatic mutation in the functional allele, rendering the cell(s) 

ccm null. Many germline mutations have been identified for ccm1, ccm2 and ccm3, including non-sense, 

truncation and point mutations (109). Identified somatic mutations vary widely (110). Murine and cell 

cultures studies have not been performed to examine whether functional outcomes differ depending on 

the specific germline or acquired mutations. 

 The current treatment options for CCM patients are symptomatic treatment, surgical excision of 

lesions, gamma knife surgery, or most recently for fCCM1 and 2 patients, a RhoA inhibitor in clincial trials, 

fasudil (111). Surgical excision of lesion is both costly and of high risk for patients. In many cases, invasive 

procedures such as surgical excision or gamma knife surgery are not viable options for brain stem or 

otherwise inoperable lesions. Gamma knife surgery also frequently results in the development of new 

lesions surrounding the resected area, proposed to be due to gamma-induced second-hits to surrounding 

endothelia (104). The first pharmacologic treatment option, fasudil, for fCCM patients is targeted to 

overactive RhoA kinase identified in CCM pathogenesis (111). Currently in clinical trials, fasudil has been 

effective for fCCM1 and fCCM2 patients, but has had little effect for fCCM3 patients. Given the clinical 

differences that exist between fCCM3 and fCCM1/2 patients, as well as on-going efficacy studies with 

fasudil, gives strong evidence that the molecular mechanisms governing fCCM3 pathology are distinct 

from fCCM1 and 2 and demand further study. 

1.3.2 Molecular mechanisms of CCM proteins 

 Given the clinical similarities, initial research into the molecular mechanisms of fCCM focused on 

the identification of a single molecular pathway regulated by all three CCM proteins. Each CCM protein 

has a distinct structure. CCM3 is most highly conserved evolutionarily compared to CCM1 and 2, with two 

distinct domains including four N-terminal helices that enable homodimerization and four C-terminal 

helices that resemble a focal adhesion targeting (FAT) domain (112). CCM1 contains a C-terminal FERM 

signaling domain, a phosphotyrosine-binding (PTB) domain and an N-terminal nuclear localization signal 
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and nuclear export signal (113-116). CCM2 also contains a PTB domain and harmonin homology domain 

(HHD) (117-118). 

 Initial studies identified that CCM1, 2, and 3 complex together and regulate cellular adhesion. 

Within the complex, CCM2 acting as a scaffolding protein, binding CCM1 and CCM3 at distinct sites (119, 

120). The centrality of CCM2 is supported by studies assessing overlapping functions among the three 

CCM proteins, identifying that while loss of CCM1 does not heavily affect CCM3 functions and vice versa, 

loss of CCM2 affects the function of both CCM1 and 3. A key effector of this complex is the GTPase, Rap1 

(Krev1). Activated Rap1, a regulator of cell polarity and integrin-mediated cell adhesion, binds to the FERM 

domain of CCM1 (121). The Rap1-bound CCM complex localizes to the peri-membrane space and enables 

interaction of CCM1 with -catenin and VE-cadherin within AJs, though whether these interactions are 

direct or indirect is not well understood (122). Loss of CCM1 results in greater nuclear localization of -

catenin, thought to be a direct result of loss of CCM1 localization at the AJ (123). Nuclear localization of 

-catenin can alter gene expression and is known to promote oncogenesis when over-activated (124). In 

addition to Rap1, integrin cytoplasmic domain-associated protein 1 (ICAP1) also binds CCM1 to regulate 

cell adhesion through an integrin-mediated mechanism (125). ICAP1 is a small protein that competes with 

the integrin-binding protein talin for binding sites on the cytoplasmic domains of integrin, in particular 

integrin-1. ICAP1/integrin association negatively regulates cell adhesion while talin/integrin association 

is a positive regulator (126, 127). In physiologic conditions, CCM1 binds ICAP1 and sequesters it from 

integrins, allowing binding of talin and formation of integrin-mediated cell adhesion (128). Loss of CCM1 

promotes the association with ICAP1 with integrin-1 and disrupts cell adhesion. 

 In addition to pathways affecting AJs and integrin-mediated adhesion, the CCM1-CCM2-CCM3 

complex also regulates actin cytoskeleton organization through RhoA. The PTB domain of CCM2 binds the 

E3 ubiquitin ligase SMAD ubiquitin regulatory factor 1 (SMURF1) (129). Canonically, SMURF1 is a negative 

regulator of the bone morphogenic pathway (BMP), but also functions as a negative regulator of RhoA 
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signaling (130). SMURF1 ubiquitinates RhoA, signaling for its proteosomal degradation (131). Loss of 

CCM2-SMURF1 binding renders SMURF1 unable to ubiquitinate RhoA and results in over-active RhoA 

signaling (129). Downstream effectors of RhoA include Rho-associated coiled coil forming kinase (ROCK) 

and mammalian homolog of Drosophila diaphanous (mDia) (132). While mDia positively regulates actin 

filament polymerization, ROCK is a positive regulator of myosin light chain (MLC)-mediated actin cross-

linking (132, 133). Overactive ROCK, a consequence of loss of the CCM1-CCM2-CCM3 complex, results in 

increased stress fiber formation with downstream consequences to cell adhesion (134-137). Inhibition of 

overactive RhoA in vitro, in fCCM mouse models and clinical trials using fasudil improves cell adhesion, 

lesion burden and bleed rate in fCCM1 and fCCM2 (111). 

 Finally, endothelial to mesenchymal transition (EndMT) has recentaly been proposed as a 

principal mechanism in the pathogenesis of fCCM1. Researchers observed that loss of CCM1 in an 

endothelial-specific CCM1KO mouse model resulted in increased SMAD transcription factor activation 

downstream of BMP6 (138). Importantly, the authors of that study demonstrated that increased SMAD 

activation results in a decreased expression and localization of VE-cadherin to endothelial AJs and an 

increase in N-cadherin expression. This cadherin switch indicates a loss of cell specialization and in 

addition to loss of junction organization, results in loss of cell polarity and increased proliferation. EndMT 

has not been evaluated in fCCM2 or fCCM3 mouse models. 

1.3.3 CCM3 and the STRIPAK complex 

 In vitro and in vivo evaluation of RhoA activation in CCM3 knockdown (CCM3KD) cells or CCM3 

knockout (CCM3KO) mice has identified varying levels of RhoA activation. Current clinical trials using the 

RhoA inhibitor fasudil have not shown robust effects for fCCM3 patients. Proteomic studies have since 

provided an explanation for these observations. CCM3 has been identified as a member of the peri-

membrane Striatin-Interacting Phosphotase and Kinase (STRIPAK) complex and it is estimated that the 

majority of CCM3 protein is bound to STRIPAK and not to the CCM1-CCM2-CCM3 complex (139). The 
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STRIPAK complex contains many phosphatases and kinases that produce wide-ranging cellular effects, 

including Golgi apparatus development, calcium sensing and cytoskeleton organization (140).  

 The function of CCM3 in the STRIPAK complex, particularly in the context of barrier maintenance, 

is still being evaluated. CCM3 is incorporated into STRIPAK following a conformational change that enables 

heterodimerization with GCKIII kinases including Stk4 and Mst4 (139, 141, 142). Studies in murine 

endothelial and non-endothelial cell lines have demonstrated that the CCM3-Stk4 interaction within the 

STRIPAK inhibits UNC13D, a protein required for calcium-dependent exocytic vesicle maturation and 

fusion with the membrane (143). Loss of CCM3 results in increased UNC13D fusion with the membrane 

and increased exocytosis. One study showed that CCM3 normally inhibits the secretion of angiopoietin 2 

(ANGPT2) (144). ANGPT2 secretion is elevated in endothelial-specific CCM3KO mice and the study argues 

that this leads to destabilization of the endothelial barrier. In a separate study, CCM3 functions in the 

STRIPAK complex, in conjunction with Mst4, to regulate ERK1/2 activation (53). Loss of CCM3 increases 

ERK1/2 activation and double knockdown of CCM3 and Mst4 rescues this. This study suggests a CCM3-

MST4-ERK1/2 signaling axis regulates barrier permeability via downstream effects on cortactin-mediated 

cytoskeletal and TJ organization. 

 Additional STRIPAK-independent CCM3 signaling pathways have been proposed to enable disease 

progression of fCCM3. These include a CCM1-CCM2-CCM3-MEKK3-Klf4 and CCM1-CCM2-CCM3-mTOR 

signaling axis. In the former, loss of CCM3 results in abnormally high MEKK3 activity that acts on Klf4 

transcription factor to increase the transcription of Toll-like receptor 4 (TLR4) (145, 146). Recently, it was 

shown that fCCM3 disease severity can be linked to single nucleotide polymorphisms (SNPs) in TLR4, such 

that SNPs enabling higher expression of TLR4 lead to more severe disease (147). The downstream effects 

of this cellular pathway have not been well described in the context of CCM disease, however. A CCM1-

CCM2-CCM3-mTOR axis reportedly regulates autophagosome component p62/SQSTM (149). Loss of 
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CCM1 or CCM3 results in overactive mTOR and accumulation of p62/SQSTM that inhibits autophagosome 

formation. 

 As evident, many functions of CCM proteins, whether in the CCM1-CCM2-CCM3 or through 

alternative complexes such as CCM3 in the STRIPAK, have been proposed. No central unifying theory 

exists, especially for CCM3, shy of the fact that barrier properties in fCCM patients, mouse models and 

cell culture systems are severely compromised. In part, the study of fCCM has been inhibited by the lack 

of adequate model systems. The advantages and disadvantages of current model systems will be 

discussed in detail in the following section. 

1.3.4 fCCM model systems 

 Initial attempts to study fCCM using mouse models failed due to the unexpected embryonic 

lethality of global CCM1, 2 and 3 KO mice due to cardiovascular defects (149-151). CCM1 and CCM2 are 

required for the development of brachial arteries that attach the heart to the aorta, thus CCM1KO and 

CCM2KO mice die at E9.0 and E11.0, respectively, of severe circulatory defects (149, 150). CCM3KO mice 

die earlier in development at E8.0 due to defects in lumen development (151). One study has 

demonstrated that CCM3KO mice have reduced VEGFR2 signaling and this blocks angiogenesis in the 

developing embryo (152). Researchers attempted to avoid embryonic lethality with endothelial-specific 

CCMKO mice, however, these mice are also embryonic lethal (149-151). In the case of CCM3, Tie2-Cre 

Pdcd10lox/- mice, an endothelial specific CCM3KO model, these mice die at E13.5 due to venous rupture 

and have enlarged cardinal veins (151). Neural and glial tissue-specific CCMKO mice are not embryonic 

lethal and born at expected ratios, however, these mice show low or no disease penetrance (153). 

Accordingly, inducible endothelial-specific KO mice is commonly used in mouse models of fCCM.  

 It is important to note that in the case of CCM3, multiple KO alleles have been developed and 

target different exons of ccm3. Slight differences in embryonic and adult phenotypes have been observed 

in inducible and non-inducible models employing these exons (151, 152). As noted in the clinical disease 
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section, the germline and somatic mutations that result in fCCM disease are vast and functional 

differences between mutation profiles have not been fully assessed. One study was able to demonstrate 

that C-terminal truncation mutations of CCM3 observed in fCCM3 patients can replicate VEGFR2 signaling 

defects in vitro (152). However, as a whole, Cre-mediated deletion of whole exons is not representative 

of patient mutations and comparisons between mouse models employing different alleles should be taken 

with caution. 

 Several tissue-specific and inducible CCMKO mouse models exist that have allowed researchers 

to avoid embryonic lethality as well as address a very important question in CCM disease – which cell type 

is required and sufficient for disease initiation? Inducible endothelial cell-specific CCM3KO (iEC-CCM3KO) 

mice utilize a cadherin-5 or PDGF promoter to drive Cre expression (151). Similar to human disease, iEC-

CCM3KO mice develop multiple hemorrhagic lesions, however, these lesions are restricted to the 

cerebellum and eyes. Neural cell (Nestin-Cre), glial cell (GFAP-Cre), and neural progenitor cell (Emx1-Cre)-

specific CCM3KO mice have also been created in an attempt to understand the role of CCM3 in particular 

cell types (153, 154). Neural and neural progenitor cell-specific CCM3KO mice do not develop fCCM3 

disease, however, each were born with enlarged brains and in the case of neural cell-specific KOs, all mice 

died within three days of birth. Glial/astrocyte-specific CCM3KO mice also did not exhibit lesions typical 

of fCCM3 disease, but did exhibit enlarged brains and ventricles and died within a month of birth. Non-

endothelial cell specific CCM3KO models have uncovered roles for CCM3 in development in particular cell 

types but have not led to specific insights into fCCM3 lesion initial or maturation other than the 

determination that CCM3 deficiencies in these cell types are not sufficient to cause CCM disease. 

However, it should be noted that given the early deaths of glial- and neural cell-specific CCM3KO mice, it 

is possible that these mice may have developed disease had they survived to adulthood. 

 Inducible CCM3KO models have many advantages and disadvantages. One of the more obvious 

problems with these models is the restriction of lesion appearance to the cerebellum. No explanation 
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exists for this observation. Second, the steps required for lesion initiation and maturation are not well 

understood. For example, it is not known whether a somatic hit occurs early in development, resulting in 

multiple cell (and/or cell types) with CCM deficiency or if a somatic mutation to a single mature cell is 

sufficient to initiate a lesion. Inducible KO models do not allow for acquisition of somatic mutation during 

development and result in CCM3 deficiency in all cells expressing Cre. These issues may confound the 

study of lesion initiation. When it comes to lesion maturation, it is not known whether maturation of 

lesions is dependent on growth or other factors in development or adulthood and how the contributions 

of surrounding cells may influence maturation. If developmental factors influence lesion maturation, it 

cannot be assessed by post-natal Cre induction. Additionally, Tamoxifen administration causes CCM3 

deficiency and lesion initiation at a single time point, thus if lesion maturation is dependent on age or 

related factors, this model provides only a narrow window into the mechanisms of lesion maturation. 

Overall, induction of CCM3 deficiency at a particular time point in all Cre-inducible cells is not 

representative of the accepted model by which fCCM3 patients develop disease. 

 There now exist mouse models based on the two-hit hypothesis of fCCM. These models employ 

ccm+/- mice crossed with mice harboring mutations in the tumor suppressor genes Msh2 or p53. Ccm+/-

p53-/- or ccm+/-msh2-/- mice all develop fCCM disease that mirrors human disease very well (155, 156). 

These mice develop lesions indiscriminately throughout the brain and theoretically should overcome the 

lesion initiation and maturation issues faced by inducible KO models. Another advantage of the two-hit 

model is the acquisition of diverse somatic mutations instead of specific deletion of particular exons. 

Disadvantages, however, include that msh2-/- and p53-/- backgrounds are genetically unstable and may 

result in genetic mutations within lesions that confound gross lesion behavior and/or results from 

molecular analysis. Additionally, while this model has the advantage of allowing somatic hits to any cell 

type, it has the disadvantage of making it difficult to connect gross lesion behavior with lesion initiating 

cell type. 
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1.4 Summary and Project Goals 

 While RhoA inhibitors have proven promising in fCCM1 and fCCM2 patients in clinical trials, the 

molecular mechanisms contributing to fCCM3 pathology are still largely unknown, representing a major 

roadblock to providing pharmaceutical treatment options for patients in the clinic. A large body of 

literature has demonstrated that inadequate barrier integrity in the lesions of fCCM3 patients is the 

primary pathology that leads to secondary pathologies such as seizure and hemorrhage. Recent in vitro 

work suggests that disrupted junctional stability, particularly with TJ organization, is a contributing factor 

to BBB breakdown in fCCM3. However, contributions of GJ proteins to barrier integrity in homeostasis as 

well as in fCCM3 disease has not been evaluated. The overall goals of this project are to determine 

whether GJ proteins contribute to BBB breakdown in fCCM3 cell culture and evaluate GJ protein 

expression during lesion maturation in a second-hit mouse model of fCCM3. 
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Chapter 2: Connexin 43 Gap Junctions Contribute to Brain Endothelial Barrier Hyperpermeability in 

Familial Cerebral Cavernous Malformations Type III by Modulating Tight Junction Structure 

2.1 Introduction 

Familial Cerebral Cavernous Malformation Type III disease (fCCM3) is a disease that affects 

cerebrovascular capillary beds. Patients carry a null-mutation in one allele of ccm3 (pdcd10) and capillary 

lesions are initiated upon acquiring a mutation in the second ccm3 allele that causes loss of functional 

CCM3 protein in the cell. Lesions are characterized by dilated vessels, blood-filled caverns, loss of contact 

between endothelial cells and insufficient blood-brain-barrier (BBB) integrity. The impaired BBB integrity 

is considered the primary cause of fCCM3 morbidities, including seizures, focal neurological deficits and 

cerebral hemorrhage (1, 2). Currently, no effective treatment is available to fCCM3 patients and 

therapeutic development is hindered by a lack of thorough understanding of pathways regulated by CCM3 

protein. Proteomic analysis has revealed that 80% of CCM3 protein is bound to the Striatin-interacting 

phosphatase and kinase (STRIPAK) complex (3). This large complex contains many phosphatases and 

kinases that produce wide-ranging cellular effects, including Golgi apparatus development, calcium 

sensing, and most recently, a CCM3-dependent effect on actin cytoskeleton organization mediated by 

cortactin (4, 5). 

BBB integrity is maintained by a unique junction complex at the endothelial-endothelial border 

that includes adherens junctions (AJ), tight junctions (TJ) and gap junctions (GJ). Under normal physiologic 

conditions, crosstalk mechanisms allow these complexes to form a stable barrier that prevents 

paracellular permeability. The TJ complex is composed of transmembrane proteins, claudins and occludin, 

that form trans-interactions with neighboring cell claudins and occludin. These proteins serve to occlude
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the paracellular space. Claudins and occludin are stabilized by intracellular adaptor proteins, including ZO-

1, that function to tether them to the actin cytoskeleton. Analysis of TJ proteins in fCCM3 patient lesions 

as well as in vitro work has demonstrated loss of TJ proteins from the junctional complex of fCCM3 but 

not fCCM type I or II lesions (5, 6). Meanwhile the presence of AJs, which are organized in a similar manner 

to TJs with transmembrane cadherins and adapter proteins including beta-catenin, is less clear and 

reported as affected and unaffected in fCCM3 lesions (5, 7). 

The final member of the BBB junction complex, the GJ, has not traditionally been ascribed a 

regulatory role for paracellular permeability. Gap junctions are channel structures at adjacent cell borders. 

They are formed by members of the connexin family (Cx) and allow direct passage of ions and small 

molecules <1kDa between the cytosols of adjacent cells. Channels are formed by the aggregation of homo- 

or hetero-hexameric connexin proteins (8, 9). Many Cx family members exist and display tissue-specific 

expression, with Cx37, Cx40 and Cx43 being expressed in brain endothelia (10, 11). How or if GJs can 

regulate paracellular permeability has not been established. Aberrant elevation of Cx43 protein has 

recently been shown to be detrimental to barrier integrity but whether this effect is dependent on Cx43 

GJs or other functions of Cx43, including hemichannels (HC) that do not directly oppose another Cx43 

channel, has not been thoroughly described (12, 13). 

We have identified that ccm3+/-p53-/- mice, a murine model of fCCM3, have elevated Cx43 protein 

expression in lesions. Analysis of Cx43 in CCM3 knock down (CCM3KD) brain endothelial cells in vitro also 

reveals increased GJ activity and that reducing Cx43 expression and GJ activity rescues the permeability 

defect in CCM3KD cells. The focus of this study is to define the mechanism by which Cx43 GJs can regulate 

permeability as well as to establish whether increased Cx43 protein is a primary defect in the maturation 

of CCM3 lesions in a mouse model of fCCM3. 
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2.2 Results 

2.2.1 Connexin 43 is elevated in brain endothelial cells and pericytes lacking CCM3. 

To determine if the expression or activity of connexin (Cx) family members was altered by CCM3 

deficiency, we established an in vitro fCCM3 model using siRNA-mediated CCM3 knockdown (CCM3KD) in 

a murine brain pericyte and brain endothelial cell line (mBECs). The endothelial cell line was selected for 

use in this study due to its unaltered expression of junction proteins and unaffected barrier properties. 

We achieved greater than 80% efficiency of CCM3KD (Fig 2.2.1A) and identified that Cx43 protein is 

elevated in CCM3KD mBECs (Fig. 2.2.1A). Cx43 transcript, however, is not affected (Fig. 2.2.1B), indicating 

post-translational regulation of Cx43 by CCM3. This observation is consistent with the regulation of TJ 

proteins by CCM3 (5). No difference in protein expression was observed for the two additional Cx family 

members expressed by mBECs, Cx37 and Cx40, though a compensatory upregulation of Cx40 transcript is 

apparent. This observation is significant given that it suggests loss of CCM3 regulates Cx43 specifically 

instead of having broad effects on Cx protein expression as a whole. 
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 Pericytes also express Cx43 and this represents a central mechanism enabling crosstalk between 

pericytes and endothelial cells in homeostasis (14). In addition to its elevation in mBECs, we also observed 

that Cx43 protein is elevated in CCM3KD pericytes (Figure 2.2.2). 

Cx43 has many functions that are dependent on its cellular localization (15, 16).  We performed 

cell fractionation of control and CCM3KD mBECs to determine whether CCM3KD affected the 

localization of Cx43 (Fig. 2.2.3A). This analysis revealed that in both control and CCM3KD mBECs, Cx43 is 

incorporated into the insoluble fraction of the cell, but was absent from the soluble, cytosolic 

compartment. Immunofluorescence of Cx43 confirmed that in both control and CCM3KD mBECs, Cx43 

was localized to the membrane region and formed plaque-like structures consistent with GJ plaques 

(Fig. 2.2.3C). Cx43 GJ plaques in CCM3KD mBECs appeared much larger than in controls and quantitation 

of plaque size revealed a significant increase in the size of Cx43 GJ plaques in CCM3KD mBECs compared 

to controls (Fig. 2.2.3D). Cx43 GJ plaques showed no difference in mobility between control and 

CCM3KD mBECs, as assessed by FRAP, indicating that, while more Cx43 accumulates in GJ plaques of 

CCM3KD mBECs, no difference in Cx43 protein stability within the GJ plaque exists between control and 

CCM3KD mBECs (Fig. 2.2.3B). 
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To determine whether Cx43 is elevated in other fCCM subtypes, Cx43 protein expression was 

analyzed in CCM1KD and CCM2KD mBECs (Fig 2.2.4). Cx43 protein expression was significantly, but not 

robustly elevated following siRNA-mediated KD of CCM1 or CCM2. Overall, our initial analysis of Cx43 

expression indicates that 1) Cx43 is the only endothelial Cx family member regulated at the level of protein 

by CCM3 and 2) while CCM1 and CCM2 have some contribution to Cx43 protein regulation, CCM3 

demonstrates the most robust effect on Cx43 protein expression. 
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2.2.2 Loss of CCM3 results in elevated Cx43 Gap Junction and Hemichannel activity 

Whether or not the larger Cx43 GJ plaques in CCM3KD mBECs have a functional effect on GJ 

intracellular communication (GJIC) – a canonical function of Cx43 – was evaluated using two assays to 

assess the ability of control or CCM3KD mBECs to transfer a non-cell permeable dye, Lucifer Yellow (LY), 

from one cell to another. Both assays work on the basis that more LY transfers indicates higher GJIC. First, 

single-cell microinjection of LY into control or CCM3KD mBEC monolayers showed significantly higher 

capacity for CCM3KD mBECs to transfer dye to adjacent cells than in controls (Fig. 2.2.5A). Second, scratch 

assay analysis of LY dye transfer in control or CCM3KD mBEC monolayers confirmed the microinjection 

results, demonstrating significantly greater ability of CCM3KD mBECs to transfer dye than control cells. To 
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validate that LY dye transfer was occurring specifically through Cx43 GJs, and not Cx37 or Cx40 GJs, scratch 

assays were performed in the presence of a Cx43 GJ-specific inhibitor, GAP27. GAP27 is a peptide that 

binds to the 2nd extra-cellular loop of Cx43 and prevents physical contact between neighboring cell GJ 

plaques (17). GAP27 completely inhibited CCM3KD GJIC, ruling out the possibility that Cx37 and Cx40 were 

directly contributing to increased GJIC in CCM3KD mBECs.  

  Given that fCCM3 lesions display disrupted architecture and are often lacking pericytes, we tested 

the hypothesis that GJIC between CCM3KD mBECs and CCM3KD pericytes was inhibited. Using 

microinjections of LY in a transwell system, with physiologically relevant mBEC:pericyte ratios, we 

determined that GJIC remained intact between mBECs and pericytes, as determined by z-section imaging 
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of microinjected mBEC and pericyte monolayers (Fig. 2.2.5B). While this experiment was not quantitative, 

it does rule out the possibility that GJIC is inhibited between these cell types and inhibited communication 

between these cell types does not explain the absence of pericytes from fCCM3 lesions. 

The HC activity of CCM3KD mBECs was also assessed. Using similar principles as GJIC assays, 

control or CCM3KD mBECs were overlayed with LY without previous injury to the plate, unlike GJIC assays. 

In this scenario, only cells with open HCs can uptake LY. We observed that CCM3KD mBEC monolayers 

had significantly more LY+ cells compared to control cell monolayers (Fig. 2.2.6). When the volume of LY 

uptaken by each cell was measured using ImageJ, we determined that while more CCM3KD mBECs uptook 

LY compared to control cells, no significant difference in the LY volume/cell was observed. HC activity 

could be significantly decreased in CCM3KD mBECs by treatment of GAP19, a Cx43-specific HC inhibitor, 
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indicating that LY uptake is due to increased Cx43 HCs and not due to HCs formed by other Cx family 

members. 

Finally, the morphology of GJ plaques in CCM3KD mBECs treated with GAP27 visualized by 

immunofluorescence staining of Cx43 suggests that prolonged GAP27 treatment inhibits GJIC by 

disbanding GJ plaques (Fig. 2.2.7A). Quantitation of Cx43 plaque size confirmed that GAP27 treatment 

reduces plaque size. Super resolution imaging highlights the reduction in GJ plaque size, such that GJ 

plaque size in CCM3KD cells treated with GAP27 is comparable to control cell (Fig. 2.2.7B).

 

2.2.3 Blockage of Gap Junction Intercellular Communications rescues hyperpermeability of brain 

endothelial cells lacking CCM3. 

To evaluate whether elevated Cx43 protein expression in CCM3KD cells contributes to the 

hyperpermeability characteristic of fCCM3, we measured the transendothelial electrical resistance (TEER) 

in CCM3KD cells in which Cx43 protein expression was reduced through siRNA-mediated knockdown (Fig 

2.2.8). As expected, CCM3KD cells alone displayed reduced monolayer electrical resistance, indicative of 
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increased monolayer permeability. Importantly, reducing Cx43 expression in CCM3KD cells partially but 

significantly restored CCM3KD monolayer TEER. As an additional control, TEER of brain endothelial cell 

monolayers over-expressing Cx43 (Cx43over) was evaluated and revealed that Cx43 overexpression alone 

resulted in cell monolayers as permeable as CCM3KD. 

 The expression of TJ proteins ZO-1 and Claudin-5 was evaluated to determine whether elevated 

Cx43 protein expression in CCM3KD cells or Cx43over cells may regulate permeability in a TJ-dependent 

manner (Fig 2.2.9). CCM3KD cells exhibited reduced expression of both Claudin-5 and ZO-1, consistent 

with the observed decrease in monolayer permeability.  Overexpression of Cx43 replicates the pattern of 

TJ protein expression in CCM3KD cells, particularly with ZO-1 expression, overall suggesting that elevated 

Cx43 protein expression may 

be pathologic to CCM3KD cells 

by regulating permeability by 

a TJ protein expression-

dependent mechanism. 

Given that rescue of 

Cx43 protein expression in CCM3KD cells partially restores CCM3KD cell permeability, and that elevated 

Cx43 expression functionally translates to increased GJIC, we examined whether inhibition of Cx43 GJIC 
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specifically would rescue CCM3KD monolayer permeability (Fig 2.2.10). TEER analysis of control and 

CCM3KD cells in the presence of GAP27 revealed that GAP27 completely rescued CCM3KD monolayer 

electrical resistance, with no adverse effect on control cells. GAP19, a Cx43 hemichannel (HC)-specific 

inhibitor (18), had no effect on CCM3KD 

TEER, suggesting that it is the GJ-specific 

functions of Cx43 that are pathologic to 

CCM3KD permeability. This finding is the 

first demonstration that inhibition of GJs 

can prevent the increased permeability 

characteristic of CCM3KD cells. 

2.2.4 Cx43 Gap Junctions disrupt Tight 

Junction organization in brain 

endothelial cells lacking CCM3. 

 Having determined that Cx43 GJIC is pathologic to CCM3KD permeability, we next examined how 

Cx43 GJs regulate permeability in CCM3KD cells. In addition to the observation that CCM3KD and Cx43over 

cells have reduced ZO-1 protein expression, and that ZO-1 is absent from fCCM3 lesions (5, 7), ZO-1 has 

emerged as a candidate protein linking Cx43 to permeability because of a well-described Cx43-ZO-1 

interaction (19-21). The Cx43/ZO-1 interaction restricts Cx43 GJ size (22, 23). However, whether Cx43 GJs 

can regulate ZO-1, particularly its function in TJs, is not known. We tested the hypothesis that Cx43 GJs 

affect the organization of TJs through regulating ZO-1 localization. We first analyzed Cx43 and ZO-1 co-

localization in control, CCM3KD and GAP27-treated CCM3KD cells by immunofluorescence staining 

(2.2.11A). In control cells, ZO-1 is localized at TJs along the cell border, identified by its continuous staining 

along the cell border. Small protrusions of ZO-1 are visible in control cells when co-localized with Cx43 

GJs, however, ZO-1 continuity along the border in TJs is not broken by its co-localization with GJ plaques. 

CCM3KD cells show striking differences in ZO-1 localization. ZO-1 is mostly absent from the TJ structures, 
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exhibiting only fragmented, non-continuous staining along the cell border. Also in contrast to controls, 

ZO-1 forms large plaque-like structures when co-localized with Cx43 GJs in CCM3KD cells. Measurement 

of Cx43 GJ-associated ZO-1 plaques revealed that CCM3KD cells had significantly larger ZO-1 plaques (Fig 

2.2.11B). When we measured the length of TJ-associated, continuous cell-border ZO-1 staining, CCM3KD 

cells had significantly smaller TJ-associated fragments compared to controls (Fig 2.2.11C). Comb-like ZO-

1 structures extending into the cytosol from the cell border, characteristic of disorganized ZO-1, were 
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observed in super-resolution imaging of ZO-1 in CCM3KD cells (Fig 2.2.11D). Together, these observations 

suggest that in control cells, ZO-1 preferentially localizes to TJs and does not accumulate at Cx43 GJs. 

However, in CCM3KD cells, ZO-1 preferentially localizes to and accumulates at Cx43 GJs and does not form 

continuous, organized TJ structures at the cell border. Intriguingly, treatment of CCM3KD cells with GAP27 

partially restores the localization of ZO-1 to TJs and away from GJs. The observed ZO-1 localization is 

consistent with our permeability results – loss of ZO-1 from TJs increases permeability and restoration of 

ZO-1 to TJs by GAP27 restores permeability. Quantification of Cx43 GJ- or TJ-associated ZO-1 and super 

resolution imaging demonstrate the restoration of ZO-1 organization and distribution to TJ fragments in 

CCM3KD cells following inhibition of Cx43 GJs by GAP27 treatment. 

The mobility of TJ-associated ZO-1 was analyzed by FRAP (Fig 2.2.12A). Given its size and function 

as a scaffolding protein, ZO-1 is a relatively immobile protein in healthy cells. We determined that ZO-1 is 

significantly more mobile in CCM3KD cells compared to controls. This supports our data the ZO-1 is not 

localized and anchored in highly immobile TJ structures. GAP27 treatment restores ZO-1 mobility to 

control levels, also consistent with redistribution of ZO-1 to TJ structures in GAP27-treated CCM3KD cells. 

To further delineate the nature of Cx43/ZO-1 co-localization observed in CCM3KD cells, we used 

acceptor-photobleaching FRET analysis in cells co-expressing Cx43-mCherry and ZO-1-AcGFP. Given that 

the ZO-1 binding site on Cx43 is located at its very C-terminus, Cx43 was tagged on its N-terminus to 

facilitate interaction between these two proteins. CCM3KD cells had significantly lower FRET efficiency 

between Cx43 and ZO-1 compared to controls (Fig. 2.2.12B). These data indicate that while Cx43 and ZO-

1 strongly co-localize in CCM3KD cells, they do not physically interact to the same extent as in control 

cells. This is consistent with our data indicating higher GJ activity and the literature showing Cx43/ZO-1 

interaction is inhibitory to GJIC. Finally, GAP27 treatment of CCM3KD cells restores the Cx43/ZO-1 
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interaction, consistent with inhibition of GJIC, and further supporting the notion that theCx43/ZO-1 

interaction is important for Cx43-mediated effects on permeability. 

We extended our analysis of Cx43 GJ apparent regulation of TJs to include the TJ transmembrane 

protein, Claudin-5. Similar to ZO-1, we observed that Claudin-5 is more mobile in CCM3KD cells compared 

to controls and that this trend is rescued by GAP27 treatment (Fig. 2.2.13A). Super resolution imaging of 

Claudin-5 demonstrated continuous staining of Claudin-5 along the cell border in control cells, indicative 

of TJ-incorporation (Fig. 2.2.13B). As with ZO-1, TJ incorporated Claudin-5 appears fragmented in CCM3KD 

cells but GAP27-mediated inhibition of Cx43 restores localization of Claudin-5 to the TJs. Examination of 

ZO-1/Claudin-5 co-localization, a necessary step for the formation of functional TJs (24), indicated 

expected co-localization at TJ structures along the cell border in control cells but fragmented TJ-associated 

Claudin-5 in CCM3KD cells (Fig. 2.2.13C). Quantitation of TJ-associated Claudin-5 fragment length revealed 

highly fragmented TJ-associated Claudin-5 in CCM3KD cells but rescue of TJ-associated fragment length 

by inhibition of Cx43 GJs with GAP27 (Fig. 2.2.13D).  
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Finally, the frequency of Claudin-5/ZO-1 and Claudin-5/Claudin-5 trans-interactions was analyzed 

by FRET. TJ-associated Claudin-5 and ZO-1 interacted less frequently in CCM3KD cells but this interaction 

was restored by Cx43 GJ inhibition. Similarly, the ability of Claudin-5 to form trans-interactions with 

neighboring cell Claudin-5 was compromised in CCM3KD cells and restored by GAP27-mediated inhibition 

of Cx43 GJs. 
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2.3 Discussion 

fCCM3 is believed to be a disease of progression – where the primary defect in fCCM3 lesions is 

their hyperpermeability and this produces many secondary pathologies over time, including hemorrhage, 

if left untreated (1, 2). However, the mechanism of lesion maturation and TJ disorganization contributing 

to hyperpermeability is not well defined.  The present study observed: 1) Increased Cx43 protein 

expression in lesions of ccm3+/-p53-/- mice. 2) Cx43 forms large GJ plaques and displays increased GJIC in 

CCM3KD cells. 3) Inhibition of Cx43 GJIC completely rescued CCM3KD hyperpermeability. 4) Cx43 GJs 

regulate permeability in brain endothelial cells through modulation of TJ protein localization at the 

membrane. 

Permeability of the brain microvascular system is regulated in part by the TJ complex. The 

formation of TJ structures on the membrane is a highly regulated, multistep process. ZO-1 is recruited and 

distributed along the cell border, which signals recruitment and insertion of claudins and occludin into the 

membrane, in turn allowing trans-interactions between claudins and occludin on neighboring cells (24). 

claudin-5 is a particularly crucial claudin for BBB occlusion. Claudin-5 knock out mice die hours after birth 

from brain edema due to inhibited BBB occlusion (25). Other claudin KO mice suggest that claudin-5 is 

uniquely important for barrier occlusion (26). Previous work has demonstrated that fCCM3 lesions have 

highly disorganized TJ structures, including absent or incomplete incorporation of ZO-1 and claudin-5 into 

TJs, and suggest that this is a principal mechanism by which fCCM3 lesions are hyperpermeable (5, 27). 

However, the underlying mechanism that contributes to TJ organization has not been defined. 

Elevated Cx43 has recently been suggested to be detrimental to barrier permeability in GJ- and 

HC-dependent mechanisms. Multiple studies in lung endothelia demonstrate rescue of barrier properties 

following suppression of inflammation-induced Cx43 expression (13, 28). In brain endothelia, elevated 

GJIC is suggested to be pathogenic to barrier function due to the effects of Ca2+ propagation on 

cytoskeletal integrity or localized endothelial cell death (29, 30). Cx43 has not previously been evaluated 
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in fCCM. Brain endothelial cells subjected to CCM3KD also show high protein expression of Cx43 and form 

abnormally large GJ plaques that result in elevated GJIC. We found that reducing Cx43 expression and 

specific blockage of GJIC but not HC function, rescues their hyperpermeability. 

Understanding how elevated GJIC in fCCM3 causes hyperpermeability is of great importance. 

Here, we propose a mechanism separate from aforementioned studies examining Cx43-dependent 

hyperpermeability by which increased Cx43 GJs inhibit the distribution of ZO-1, and consequently claudin-

5, to the TJ. A large body of literature has described the interaction between Cx43 and ZO-1 in the context 

of GJ size and activity, where direct interaction of Cx43 and ZO-1 at the GJ plaque perimeter decreases GJ 

plaque size and activity (31-33). We observed an intriguing phenomenon not yet described by which ZO-

1 accumulates at the GJ plaque perimeter in CCM3KD cells but does not physically interact, as determined 

by FRET analysis. It is unclear what mechanism in CCM3KD cells signals the preferential localization and 

accumulation of ZO-1 at Cx43 GJs over TJ localization. When GJ plaques are disbanded by GAP27 

treatment, the preferential conditions switch such that ZO-1 localizes to TJs and does not accumulate at 

Cx43 GJs. Consequently, claudin-5 is also re-localized at the TJ and form trans-interactions with 

neighboring cell claudin-5, sealing the barrier. 

Additional consequences outside of GJIC-induced hyperpermeability should be considered in the 

pathology of fCCM3. In particular, elevated GJIC may represent a mechanism by which injury can be 

propagated to otherwise healthy cells, including other cell types of the neurovascular unit – pericytes and 

astrocytes. Several fCCM studies have demonstrated disrupted neurovascular unit architecture where 

pericytes and astrocytes lose contact with endothelial cells or are completely absent (34-36). 

Developmental venous anomalies, common in fCCM3, could be explained by the propagation of injury 

from capillaries to venules or arterioles (37). It is also important to highlight that fCCM3 lesions are 

believed to be initiated by a second hit to the functional ccm3 allele (38, 39). However, it is not clear when 

in development this second hit is acquired or how many ccm3-/- cells are required to initiate a lesion. While 
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endothelial cell-specific ccm3KO mice develop fCCM3, and astrocyte- and neuron-specific ccm3KO mice 

show low or no fCCM disease penetrance, respectively, it is not yet understood whether multiple cell 

types are involved in the initiation and maturation of lesions (7, 40). Elevated GJIC in ccm3-/- cells may 

represent a mechanism by which ccm3+/- cells become damaged despite being genetically healthy. 

It is interesting to note that Cx43 is the only Cx family member expressed in brain endothelial cells 

that is affected at the level of protein by CCM3KD. Several subtle, but functionally significant differences 

exist between the Cx family members, particularly with the existence of phosphorylation sites in the C-

terminal tail directing the connexin life cycle, interactome and downstream signaling events in response 

to stimuli (41, 42). Given the accumulation of Cx43 protein without upregulation of Cx43 transcript, it is 

possible that sites in the C-terminal tail directing Cx43 degradation are affected by CCM3KD and result in 

accumulation at the membrane. Future work will focus on delineating the mechanism by which CCM3 

regulates Cx43 specifically and additionally whether Cx43 is unique among the connexins in its ability to 

regulate the establishment of TJs. 

 We have demonstrated that Cx43 is most robustly affected by CCM3KD and less so by CCM1 or 

CCM2KD. Proteomic analysis of the CCM3 interactome has revealed that 80% of total CCM3 protein is 

bound to the STRIPAK complex and 20% bound to a CCM1-CCM2-CCM3 complex (3, 43), thus the STRIPAK 

complex is likely responsible for downstream events unique to CCM3. Given that the most robust effect 

of CCMKD on Cx43 protein occurs via loss of CCM3, it is possible that CCM1 and CCM2 effects on Cx43 are 

propagated through CCM3 via the CCM1-CCM2-CCM3 complex. The STRIPAK complex has many functions 

in the cell, regulating several phosphatases and kinases, and CCM3 is capable of regulating the activation 

of GCKIII kinases within STRIPAK (4, 5, 44). Elucidation of a CCM3-STRIPAK-Cx43 regulatory axis is needed. 

Several resident STRIPAK proteins are likely candidates, including calmodulin and PP2A. The former acts 

as a calcium sensor and is reported to regulate Cx43 channel opening, while the latter directly 

dephosphorylates residues Ser279/Ser282 of Cx43, phosphorylation events which inhibit Cx43 GJ plaque 
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formation (45-47). Elevated ERK1/2 activation is a consequence of CCM3 loss from the STRIPAK complex 

and causes dysregulation of TJ structure through modulation cortactin protein expression, a cytoskeletal 

and ZO-1-interacting protein (5). Cortactin and Cx43 can be co-immunoprecipitated but whether this 

occurs through a ZO-1 linker or a direct interaction between cortactin and ZO-1 is not clear and how 

cortactin expression or organization may affect Cx43 is not known (48). In addition to potential modulation 

of Cx43 through in a STRIPAK-ERK1/2-cortactin signaling axis, Ser279/Ser282 of Cx43 are also direct 

targets of ERK1/2, however, phosphorylation at these sites are typically inhibitory, and thus may not 

represent a primary mechanism by which CCM3 regulates Cx43 through the STRIPAK complex (49, 50). 

In conclusion, our study demonstrates that Cx43 protein is aberrantly upregulated in developing 

CCM3 lesions prior to hemorrhage. In vitro data suggest that Cx43 GJs are instigators of BBB breakdown 

by regulating ZO-1 localization and, subsequently, limiting TJ formation and TJ trans-interactions. The Cx43 

GJ inhibitor, GAP27, blocked these changes.  How loss of CCM3 regulates the Cx43 GJ plaque formation 

and signaling events regulating Cx43/ZO-1 plaque formation is the focus of future studies. Additionally, 

whether in vivo treatment of fCCM3 mice with GAP27 can ameliorate Gd-DTPA leakage and subsequent 

hemorrhage is of paramount importance to determine if GAP27 or similar peptides may be candidate 

pharmaceutical options for fCCM3 patients. Importantly, this is the first study to definitively show that 

GJs can regulate BBB permeability through a TJ-dependent manner. Whether other mechanisms exist by 

which GJs can regulate permeability (i.e. through GJIC itself) will need to be further elucidated. 

2.4 Materials and Methods 

2.4.1 Cell culture 

A transformed murine brain microvascular endothelial cell line (mBECs, Angioproteomie) or transformed 

murine brain microvascular pericyte cell line were cultured in growth media (DMEM, 4.5g/L glucose, 1X 
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L-glutamine, 1X antibiotic-antimycotic, 20% fetal bovine serum) at 37°C and 5% CO2. All experiments were 

conducted following 24 hrs serum deprivation (DMEM, 4.5g/L glucose, 1X L-glutamine).  

2.4.2 Cell transfection 

CCM1, CCM2, CCM3, and Cx43 knock downs were achieved through transfection with Lipofectin 

(Invitrogen) and the following siRNAs: Ccm3 - silencer select s80540, s80539, s80538 (Fisher), Ccm1 - 

siGENOME, D-056854-02-0002 (GE Dharmacon), Ccm2 - siGENOME, D-057315-02-0002 (GE-Dharmacon), 

Cx43 - SASI-Mm01-00135298 (PDSIRNA2D, Sigma). 

2.4.3 Fusion proteins 

Expression constructs: complete ORFs of Cx43, zonula occludens 1 (ZO-1) and claudin 5 (claudin-5) were 

cloned out of commercially available untagged cDNA constructs. ORFs were cloned into the following 

vectors to create N-terminally fused fluorescent proteins: pmCherry-C1 vector and pAcGFP-C1 infusion 

ready vector (Clontech). Plasmid DNA was isolated from individual, transformed Stellar Competent 

(Takara) colonies using Qiagen plasmid midiprep kits. DNA sequences were validated with Sanger 

sequencing. mBECs were transfected using TorpedoDNA (Ibidi). 

2.4.4 Inhibition studies 

Inhibition of Cx43 GJs and HCs was achieved by cell treatment with 100M GAP27 or 100M GAP19 (Tocris 

Biosciences) for 24 hrs. No change in cell viability was observed following treatment, tested by Live Dead 

assay, Invitrogen). 

2.4.5 Histology and Immunofluorescence 

For immunofluorescence staining, brain slices or cells were incubated for 30 minutes in blocking solution 

(0.05% Triton X-100, 5% Goat Serum) at room temperature followed by incubation with primary antibody 

in blocking solution at room temperature for 2hr. The following primary antibodies were used: Cx43 (Cell 
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Signaling), ZO-1-AlexaFluor 594 (Fisher), claudin-5 unconjugated or claudin-5-AlexaFluor 488 (Fisher), 

CD31/PECAM-1 (Novus). Reactions were visualized following addition of secondary antibodies in blocking 

solution at 1:200 dilution for 1hr at room temperature following wash of primary antibodies. The following 

secondary antibodies were used: FITC anti-rabbit (Vector Laboratories) and Texas Red anti-mouse (Vector 

Laboratories). Images were acquired on the Nikon A-1 confocal microscope.  

Quantitation of plaque size and TJ-associated fragments for Cx43, ZO-1 and claudin-5 were performed 

using ImageJ software. Three images with equal cell number were used per group.  

2.4.6 Super Resolution imaging 

Super Resolution imaging was conducted in conjunction with the Single Molecule Analysis in Real-Time 

(SMART) Center at the University of Michigan. Cells were plated at confluency in LabTek II Coverglass 

slides, #1.5 thickness (Fisher). The following primary and secondary antibodies were used: ZO-1-

AlexaFluor647, claudin-5 (unconjugated, Fisher), Cx43 (unconjugated, Cell Signaling), Goat anti-Rabbit IgG 

AlexaFluor Plus 647 (Invitrogen), Goat anti-Mouse IgG AlexaFluor Plus 647 (Invitrogen). Immediately 

before imaging, sample buffer was exchanged with STORM imaging buffer: 100 mM Tris-Cl, 25 uM NaCl, 

1% v/v BME (beta-mercaptoethanol), pH 9.0, and freshly added 2.5 mM PCA (3,4-dihydroxybenzoic acid 

(Sigma, P5630)) and 25 nM PCD (protocatechuate dioxygenase (Sigma, P8279)).  Images were collected in 

HILO (highly inclined laminated optical sheet microscopy) illumination with 641 nm laser excitation on an 

Olympus IX81 microscope with a cell^TIRF module.  Images were collected on an Andor iXon Ultra EMCCD 

camera. Images were processed using ThunderSTORM plugin of ImageJ. 

2.4.7 Quantitative PCR 

qPCR was performed following RNA extraction with Trizol/Chloroform (Fisher) and reverse transcription 

(SuperScript II RT, Fisher). 100ng of cDNA was used for each reaction. Reactions were performed using 

SYBR Green PCR Master Mix (Applied BioSystems) and performed using the 7500 Real-Time PCR System 
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(Applied BioSystems). The following primers were used: Cx37 F: CTGGACCATGGAGCCGGTGT, R: 

GGTTGAGCACCAGGGAGATGACTC; Cx40 F: TCCAGGGCACCCTACTCAACACCT, R: 

GGACTCCTGCGGCAGACATGC; Cx43 F: TACCACGCCACCACCGGCCCA, R: GGCATTTTGGCTGTCGTCAGGGAA; 

beta-actin F: GCCCTGAGGCTCTTTTCCAG, R: TGCCACAGGATTCCATACCC. A minimum n=3 was used for 

each group, with each group normalized to beta-actin. CT values were calculated and reported. 

2.4.8 Western blotting 

Western blotting was performed using the following primary antibodies: Cx37 (Abcam), Cx40 (GeneTex), 

Cx43 (Cell Signaling), CCM1 (Boster Bio), CCM2 (Sigma), CCM3 (Proteintech), ZO-1 (Cell Signaling), claudin-

5 (Invitrogen), beta-tubulin (2128, Cell Signaling), beta-actin (A5316, Sigma). Reactions were visualized by 

addition of the following secondary antibodies: Goat Anti-Rabbit IgG-HRP conjugate (Biorad) or Goat Anti-

Mouse IgG-HRP conjugate (Biorad). Blots were developed with SuperSignal West Femto Maximum 

Sensitivity Substrate (ThermoFisher) and imaged using the Molecular Imager ChemiDoc XRS+ Imaging 

System (Biorad). Band intensities were analyzed using Image Lab software (Biorad). 

2.4.9 Gap junction activity assays 

For scratch assays, cells were grown to confluency prior to siRNA treatment to ensure a proper monolayer. 

Cells were washed 3 times in PBS, PBS was removed, and a scratch was made in the center of the dish 

using a glass-etching tool. 0.05% Lucifer Yellow (LY, Sigma) was immediately applied to the scratch. Dye 

uptake was allowed to occur for 30s. Cells were subsequently washed 4 times with PBS then fixed with 

4% paraformaldehyde for 10min. Scratch assays were immediately imaged using 488nm laser line. Cell 

confluency surrounding the scratch was confirmed under transmitted light. Dye transfer distance was 

measured using ImageJ and taken from scratch center, perpendicularly to the furthest LY-positive cell. 

Three plates with one scratch each were analyzed per group, with approximately 10 distance 

measurements collected per scratch. 
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Microinjections were performed using the PicoSpritzer 3 (Parker Instruments). Cells were grown on ibidi 

35mm low, grid500, ibiTreat plates to facilitate knowing location of injected cell. Eppendorf Femptotips 

Microinjection capillary tips 0.5m (Fisher) were loaded with 0.05% LY. Healthy, confluent cells were 

selected for injection. Injection was done at 40kPa for 500ms. The injection of LY was visualized real-time 

to ensure LY was injected into cell of origin. Three injections were made at distant spots on each plate. 

Following injection, cells were washed 4 times in PBS and fixed using 4% paraformaldehyde. Plates were 

imaged immediately. The number of LY positive cells surrounding the cell-of-origin were counted using 

ImageJ. 

2.4.10 Hemichannel Activity Assay 

Hemichannel activity assays were performed as described for scratch assays, however, no scratch was 

made to cell monolayers. Instead, control or CCM3KD mBECs were overlaid with LY without prior injury 

(scratch). Dye uptake was allowed to occur for 30s. Cells were subsequently washed 4 times with PBS then 

fixed with 4% paraformaldehyde for 10min. HC assays were immediately imaged using 488nm laser line. 

Cell confluency surrounding the scratch was confirmed under transmitted light. The number of LY+ cells 

and LY volume/cell was measured using ImageJ. Six images per experiment with 3 independent 

experiments performed were analyzed. 

2.4.11 Fluorescence Resonance Energy Transfer (FRET) and Fluorescence Recovery After Photobleaching 

(FRAP) Analysis 

FRET and FRAP experiments were performed using a Leica SP5X Inverted 2-Photon FLIM Confocal 

microscope at the University of Michigan Microscopy Imaging Laboratories core. LAS X software was used 

to perform experiments. The following laser power and line intensities were used: FRET – white light laser 

at 70%, red laser line at 587nm, 40% intensity, green laser line at 488nm, 30% intensity. Acceptor photo-

bleaching performed with laser lines 579nm, 587nm, 595nm each at 100% for 80 seconds; FRAP - Argon 
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laser at 25%, green laser line at 488, 30% intensity, photobleaching performed with laser line 488 at 100%. 

Laser power and laser line intensities were kept constant across all sample groups. Experimental values 

were calculated as follows: FRET – following acceptor bleaching, FRET efficiencies were calculated as 

((donorpost-donorpre)/donorpost). FRAP - % recovery = [(6 min post bleach fluorescence – 0 min post bleach 

fluorescence)/pre-bleach fluorescence]*100. 

The following controls were used for FRET and FRAP experiments: FRET - efficiencies of control samples 

co-expressing empty GFP and empty mCherry vectors were collected and subtracted from experimental 

FRET efficiencies during analysis; FRAP – a background region of interest (ROI) was selected in non-GFP 

positive region to assess non-specific changes to fluorescence intensity and this background %recovery 

was subtracted from all ROIs analyzed. 

2.4.12 Transendothelial Electrical Resistance (TEER) assay 

Cells were grown to confluency in 12mm transwells with 0.4m pores (Corning) prior to manipulation to 

ensure a complete monolayer had formed. Following control or siRNA treatment, cells were allowed to 

recover for 24hrs, then serum-deprived for 24 hrs. TEER values were measured using the EVOM2 Epithelial 

Voltohmmeter (World Precision Instruments). Blank measurements were obtained in wells with serum 

deprivation media only, no cells. Blank measurements were subtracted from experimental values during 

analysis. 

2.4.13 Statistical Analyses 

All statistical analyses were performed using GraphPad Prism 6.0 software. Data in bar graphs are 

presented as averages ± standard deviation of the mean (SEM). In experiments comparing two groups, 

significant differences were determined by unpaired, two-tailed Student’s t-test. In experiments 

comparing more than two groups, significant differences were determined by a One-way ANOVA with 
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Tukey post-hoc test. A probability value of p<0.05 was considered statistically significant. Degrees of 

freedom for ANOVA (F statistic) and Student’s t-test are presented for each analysis in the figure legend. 
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Chapter 3: Characterization of Lesions and Connexin 43 Expression in Lesions of a Murine Model of 

fCCM3 

3.1 Introduction 

In Chapter 2, we observed a significant increase in Cx43 expression in CCM3KD endothelial cells 

and pericytes and intriguingly, that inhibition of increase Cx43 GJIC in endothelial cells could rescue the 

increased monolayer permeability of CCM3KD cells. To further establish whether Cx43 is a potential 

therapeutic target in fCCM3, we extended our evaluation of Cx43 to fCCM3 mice. 

As discussed in Chapter 1, multiple mouse models of fCCM have been described (1-8). Global and 

endothelial-specific CCM3KO mice are embryonic lethal due to cardiovascular defects, thus studies 

including fCCM3 models commonly use an inducible, endothelial-specific Cre system (iEcKO) (3, 4). Two 

separate ccm3 mutant alleles have been created that result in the deletion of different regions of CCM3 

upon induction of Cre expression (3, 4). Both alleles render CCM3 non-functional by removal of entire 

exons, mirroring fCCM3 patient mutations in a broad sense. However, germline and somatic mutations in 

patients are most commonly point mutations that result in non-functional CCM3 by different mechanisms 

that are not entirely understood or described (9, 10). Additionally, Cre-induced KO animals are very likely 

not representative of human disease, given that in these mice, CCM3 mutation and lesion initiation occurs 

at one time point – Cre administration – versus somatic mutations and subsequent lesion initiation that 

occur over the lifetime of a patient. For reasons not understood, fCCM models of all CCM subtypes 

develop lesions exclusively in the cerebellum and eyes, unlike patients that develop lesions 

indiscriminately throughout the cerebrovascular system. 

The second type mouse model employed in fCCM studies is based exclusively on the second-hit 

hypothesis, whereby lesions are initiated when patients who inherit one null CCM allele acquire a second, 
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somatic hit to the functional allele (7, 8). To model this hypothesis, global ccm+/- mice are bred with either 

Msh2-/- or p53-/- mice, with global deletion of tumor suppressors Msh2 or p53. This model has overcome 

many problems of the iEcKO CCM model in terms of patient disease representation. All ccm1, -2, and -3+/- 

mice bred to an Msh2-/- or p53-/- background develop lesions indiscriminately in the cerebrovascular 

system, unlike iEcKO CCM mice. Additionally, two-hit mice develop lesions at different time points instead 

of a single time point following Cre administration, as with iEcKO mice. While it has not been carefully 

examined, second-hit mouse models also represent a model in which the lesion-initiating cell type may 

be variable, a question that tissue-specific CCMKO models have attempted to address. Inherent, however, 

to Msh2-/- and p53-/- mice are potentially confounding genetic mutations that arise independently of ccm 

heterozygosity and instead from tumor suppressor KO. 

  A central question to address is not only whether Cx43 is elevated in fCCM3 lesions, but also 

whether Cx43 expression is associated with lesion permeability. To address these questions, the two-hit 

model of fCCM3 (ccm3+/-p53-/-) was chosen for use in this study for multiple reasons, but particularly 

because this model produces lesions at different maturation states in a single time point and would thus 

allow us to describe Cx43 expression throughout lesion maturation. Using ccm3+/-p53-/- mice, we establish 

the existence of multiple lesion stages, lesion permeability to contrast agent gadolinium 

diethylenetriaminepentacetate (Gd-DTPA), and elevated expression of Cx43 in all lesion stages but 

particularly newly formed lesions. 

3.2 Results 

3.2.1 – Development of lesions in fCCM3 mice replicate human disease progression 

We identified three ccm3+/-p53-/- mice – one female and two males. All three mice were evaluated 

for the presence of hemorrhagic cerebrovascular lesions consistent with human disease using T2*-

weighted MRI imaging. Several hemorrhagic lesions were present in the female in multiple regions of the 

brain at 5 weeks of age (Fig 3.2.1A), while lesions in male mice were identified by 8 and 9 weeks of age. 
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New hemorrhagic lesions appeared at a rate of 3 to 4.5 lesions/week (Fig 3.2.1B). Lesion volume at first 

appearance varied considerably between 0.005-3.9mm3 (Fig 3.2.1C). The average lesion size trended 

downward with age, however, this appeared to be due to a slowed growth rate of existing lesions and 

appearance of numerous smaller lesions with age (Fig 3.2.1E-F). Appearance of disease in young mice, 

variable lesion size, location and positive rate of development are all consistent with human fCCM3 (11). 
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3.2.2 – Lesions of fCCM3 mice are hyperpermeable 

Given that improper BBB permeability is the central pathologic feature of fCCM3, analysis of the 

ccm3+/-p53-/- model was extended to evaluate lesion permeability during lesion maturation. We observed 

that Gd-DTPA tracer leakage occurred in all three ccm3+/-p53-/- mice at distinct, focal points, similar to the 

appearance of hemorrhagic lesions (Fig 3.2.2A). Gd-DTPA leakage could frequently be observed in 

conjunction with hemorrhage on companion T2*-weighted MRI images. Lesions were categorized into 3 

types: Gd-DTPA leakage only, hemorrhage only, and hemorrhagic with Gd-DTPA leakage (Fig 3.2.2A). 

When first assessed at 8 weeks, the majority of ccm3+/-p53-/- mouse lesions could be categorized as having 

Gd-DTPA leakage only. By 13 weeks of age, the majority of lesions visualized had hemorrhaged (Figure 

3.2.2B). When individual lesions that only had Gd-DTPA leakage at 8 weeks of age were followed to 13 
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weeks of age, the probability of the lesion hemorrhaging was 100% (Fig 3.2.2C). These findings 

demonstrate that developing lesions already have compromised BBB function prior to hemorrhage, and 

that Gd-DTPA leakage predicts the maturation of lesions from leaky to hemorrhagic. 

3.2.3 – Connexin 43 is elevated in fCCM3 lesions 

Following sacrifice, all three ccm3+/-p53-/- mouse brains were examined histologically. H&E 

staining of lesion sections revealed multiple lesion stages present in all mice (Figure 3.2.3A panel 1). As 

classified by MacDonald et al., stage 1 and 2 lesions were visible, characterized by single, spherical, 

enlarged caverns with hemorrhage (stage 1) or enlarged caverns with intervening endothelial layers and 

robust hemorrhage (stage 2) (8). We also observed a previously undefined lesion stage, which we termed 

‘stage 0’, in which brain capillaries were elongated and dilated with occasional small hemorrhage, but had 

not yet formed cystic-like caverns. Prussian blue staining was performed so as to demonstrate iron 

accumulation in the surrounding tissue, indicative of prolonged hemorrhage (Figure 3.2.3A panel 2). As 

expected, dark blue staining could be observed in an ascending manner from stage 0 through stage 2, 

with stage 0 lesions exhibiting little to no accumulation and stage 2 exhibiting the most robust iron 

accumulation. From the initial histological examination, we demonstrated that lesion maturation 

progresses from a dilated vessel (stage 0), to re-organized, cystic-like caverns with complete loss of barrier 

properties, allowing for hemorrhage (stage 1 and 2), consistent with published literature of second-hit 

fCCM mouse models (7, 8). 

Lesion sections were evaluated for Cx43 protein expression using immunofluorescence. 

Quantification of Cx43 staining in lesions of all three mice showed elevated Cx43 expression in the 

endothelial cells (CD31) of lesions of all stages compared to control vessels of ccm3+/-p53-/- mice (Figure 

3.2.3A panels 3-5). Only two stage 2 lesions were identified out of all brain sections examine, thus while 

they are included in the quantification, a higher sample size is needed to make conclusions regarding Cx43 
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expression in stage 2 lesions. Cx43 expression was much higher in stage 0 lesions compared to stage 1, 

though both stages exhibited significantly higher Cx43 expression compared to controls (Fig 3.2.3B). 
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3.2.4 Cx43 is elevated in multiple cell types of CCM3 lesions 

Finally, we examined whether Cx43 was present in other cell types surrounding the lesion. While 

tissue-specific CCM3KO mice have shown varying levels of disease penetrance, with the most robust being 

the endothelial cell-specific CCM3KO mice, it has not been definitely established which originating or 

supporting cell types are required for the initiation and maturation of lesions (5, 6). The ccm3+/-p53-/- 

second-hit model allows for a second hit in any cell type. Using double-labeling of Cx43 and the pericyte 

marker, alpha smooth muscle (SM), we demonstrate that Cx43 expression is low in control vessel 

pericytes, but robust co-staining is observed in lesion pericytes (Fig 3.2.3C). A larger sample size is required 

for statistical comparison of Cx43 between control vessels and lesions, however, our initial observations 

of Cx43 in lesion pericytes as well as CCM3KD pericytes (Chapter 2) suggests that Cx43 is also elevated in 

lesion pericytes. 

3.3 Discussion 

fCCM3 is believed to be a disease of progression – where the primary defect in fCCM3 lesions is 

their hyperpermeability and this produces many secondary pathologies over time, including hemorrhage, 

if left untreated (12, 13). However, the mechanism of lesion maturation contributing to hyperpermeability 

is not well defined.  This study observed 1) lesions mature from enlarged vessels to organized, cystic 

caverns with hemorrhage, 2) Gd-DTPA leakage occurs prior to hemorrhage and 3) increased Cx43 protein 

expression in lesions of ccm3+/-p53-/- mice. 

Our initial evaluation of ccm3+/-p53-/- mice suggest that this model recapitulates human disease 

well and overcomes many problems with conditional CCM3KO mice. In particular, lesions in ccm3+/-p53-/- 

mice were observed in multiple regions of the brain with the appearance of new lesions over time. When 

first observed at 5 weeks old, the female mouse already had significant lesion burden, with male mice 

developing lesions by 9 weeks of age. Consistent with this mouse model, onset of clinical disease in fCCM3 
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patients typically occurs prior to 10 years of age. Interestingly, it has been suggested but not definitely 

shown that human fCCM3 disease is particularly aggressive in females (14, 15). 

Understanding lesion maturation is critical to the development of therapeutic targets. The current 

study demonstrates that lesions of ccm3+/-p53-/- mice exhibit a progression from permeable vessels to 

hemorrhagic vessels, a finding consistent with previous murine fCCM1 and fCCM2 studies (16). Gd-DTPA 

leakage occurs prior to hemorrhage and permeable vessels have a 100% probability of hemorrhaging in 

the future. Taken together with histological analysis that demonstrates hemorrhage (H&E) and iron 

accumulation (Prussian Blue) with stage 1 and 2, but not stage 0 vessels, lesions demonstrate a 

progression from permeable, non-hemorrhagic stage 0 and hemorrhagic stage 1 and 2 lesions in ccm3+/-

p53-/- mice. To further establish the progression of hyperpermeability during lesion maturation, future 

studies will include in vivo injection of labelled tracers into ccm3+/-p53-/-mice, sacrifice and brain sectioning 

to analyze the extent of tracer leakage in all lesion stages. Based on our Gd-DTPA study, we expect to 

observe tracer leakage in stage 0 lesions. Such results will strengthen our current study suggesting that 

identifying a mechanism by which the permeability and maturation of stage 0 lesions can be blocked 

represents an opportunity to prevent additional pathologies. 

We demonstrate that Cx43 expression is significantly elevated in ccm3+/-p53-/- lesions, and 

particularly elevated in pre-hemorrhagic stage 0 lesions, compared to control vessels. This suggests that 

elevated Cx43 may contribute to early events in lesion maturation, including hyperpermeability of vessels 

prior to hemorrhage. In Chapter 2, it was determined that increased Cx43 expression and GJIC contributed 

to CCM3KD monolayer hyperpermeability in vitro. Taken together, our in vivo and in vitro data support a 

role for Cx43 is the pathology of lesion maturation and breakdown of the BBB. The next step in pursuing 

Cx43 as a therapeutic target will be the treatment of ccm3+/-p53-/- with GAP27 and subsequent observation 

of changes in new lesion development, existing lesion permeability and hemorrhage frequency. 



71 
 

Another finding of our initial mouse studies has been the confirmation of elevated Cx43 

expression in endothelial cells as well as pericytes in ccm3+/-p53-/- mouse lesions. The ccm3+/-p53-/- mouse 

model leaves the possibility of multiple initiating cells types, given that global p53 deletion renders all cell 

types susceptible to acquisition of a somatic mutation to ccm3 at any time point. It is possible, though 

unlikely, that the lesions examined for tissue-specific expression of Cx43 had multiple cell types with ccm3 

second-hits. Another explanation is the induction of Cx43 expression in otherwise healthy cells from 

signaling or even direct passage of material from a ccm3-/- cell to healthy cells. It has not been examined 

whether the existence of GJs on one cell can directly influence the presence of GJs on a neighboring cell, 

however, docking signals likely influence this process. 

Future directions of this project include treatment of ccm3+/-p53-/- with GAP27. Specifically, prior 

to sacrifice, GAP27-treated ccm3+/-p53-/- mice will be evaluated for multiple endpoints including lesion 

burden, rate of lesion development, presence of Gd-DTPA-permeable lesions and the progression of Gd-

DTPA permeable lesions to hemorrhagic lesions. Given that in vitro treatment of CCM3KD mBEC 

monolayers rescued their hyperpermeability (Chapter 2.3.3) and that Cx43 is more highly expressed in 

stage 0 lesions, we hypothesize that in vivo GAP27 treatment will inhibit or slow 1) the permeability of 

developing lesions and/or 2) the progress of lesions from leaky to hemorrhagic. Additional experiments 

with and without GAP27 treatment will include in vivo injection of tracers capable of traversing permeable 

lesions. Immediate sacrifice, brain sectioning and immunofluorescence analysis will allow us to measure 

such outcomes as the correlation between tracer leakage and Cx43 expression, as well as quantitative 

comparison of total tracer leakage between mice treated with and without GAP27. To further our goal of 

identifying lesion-initiating and maturation-supporting cell types will include post-mortem 

immunofluorescence analysis including double labeling of CCM3 with cell-type specific markers and CCM3 

with Cx43, the latter of which will determine whether CCM3 deficiency is a requirement for the 

upregulation of Cx43 in otherwise healthy, lesion surrounding cells. 
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3.4 Materials and Methods 

3.4.1 Mouse model of fCCM3 

C57BL/6J mice heterozygous for ccm3 (ccm3+/-) were obtained from Yale University (He et al., 

2010). B6.129S2-Trp53tm1Tyj/J mice, carrying a null mutation of p53 (p53-/-), were obtained from The 

Jackson Laboratory. Ccm3+/- and p53-/- mice were bred together for two generations to produce ccm3+/-

p53-/- mice to enable acquisition of a somatic second hit to ccm3. This model is based on the two hit 

hypothesis of fCCM development (17, 18). One female and two male ccm3+/-p53-/- mice were used in lesion 

burden, Cx43 expression and Gd-DTPA leakage studies described below. For Cx43 expression and Gd-DTPA 

leakage studies, age-matched female and male ccm3+/-p53+/- mice were used as controls. 

3.4.2 Mouse MRIs 

All mice were anesthetized with 2% isoflurane/air mixture throughout MRI examination. Mice lay 

prone, head first in a 7.0T or 9.4T Agilent MR scanner (horizontal bore, Agilent, Palo Alto, CA) with the 

body temperature maintained at 37°C, using forced heated air.  A quadrature volume radiofrequency coil 

was used to scan the head region of the mice.  Axial T2-weighted images were acquired using a fast spin-

echo sequence with the following parameters: repetition time (TR)/effective echo time (TE), 4000/60 ms; 

echo spacing, 15 ms; number of echoes, 8; field of view (FOV), 20x20 mm; matrix, 256x128; slice thickness, 

0.5 mm; number of slices, 25; and number of scans, 1 (tscan time 4.5 min).  Additionally T1-weighted spin 

echo images were acquired pre- and post-gadolinium contrast injection using the same slice package as 

above and with a TR/TE of 600/17 ms and an acquisition time of approximately 2.5 minutes.  Finally T2*-

weighted gradient echo images were acquired using the same slice package as above and with a TR/TE of 

300/6 ms and an acquisition time of approximately 2.5 min. Tracer leakage studies were performed by 

intra-peritoneal injection of 0.5mL Gadolinium-DTPA (Gd-DTPA, 0.5 mmol gadopentetate 

dimeglumine/ml, BioPAL). Mice were active for 10 min prior to post-injection imaging. 
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3.4.3 Histology and Immunofluorescence 

H&E staining was performed with frozen brain sections using standard procedures. Prussian Blue 

staining was performed by placing brain slices in working solution (2% potassium ferrocyanide, 2% 

hydrochloric acid) for 1hr at room temperature. Counterstaining was performed in 0.2% Safranin O for 2 

min then washed in 1% acetic acid. Samples were dehydrated in 95% then 100% alcohol, cleared in xylene 

and mounted with Permount (Fisher). Classification of lesion stage was performed according to criteria 

described by MacDonald et al., 2011. Briefly, stage 1 lesions are singular, dilated caverns exhibiting 

hemorrhage, while stage 2 lesions have segmented caverns with robust, prolonged hemorrhage. We 

introduce stage 0 lesions as vessels exhibiting dilation but with little or no hemorrhage. 

For immunofluorescence staining, brain slices or cells were incubated for 30 minutes in blocking 

solution (0.05% Triton X-100, 5% Goat Serum) at room temperature followed by incubation with primary 

antibody in blocking solution at room temperature for 2hr. The following primary antibodies were used: 

Cx43 (Cell Signaling), ZO-1-AlexaFluor 594 (Fisher), claudin-5 unconjugated or claudin-5-AlexaFluor 488 

(Fisher), CD31/PECAM-1 (Novus). Reactions were visualized following addition of secondary antibodies in 

blocking solution at 1:200 dilution for 1hr at room temperature following wash of primary antibodies. The 

following secondary antibodies were used: FITC anti-rabbit (Vector Laboratories) and Texas Red anti-

mouse (Vector Laboratories). Images were acquired on the Nikon A-1 confocal microscope.  

Cx43 immunofluorescence intensity in healthy capillaries of control (ccm3+/-p53+/-) mice or lesions 

of fCCM3 mice was quantified in ImageJ by selecting the entire endothelial region surrounding the control 

vessel or lesion and measuring signal intensity. 10 individual lesions for stage 0 and 1, 2 individual stage 2 

lesions and 10 control vessels were analyzed from 3 control and 3 fCCM3 mice. Fluorescence intensity of 

Cx43 in mouse lesions was quantified using ImageJ. Background fluorescence was subtracted from both 

control vessel and lesion fluorescence readings. 
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Chapter 4: Over-expression of the C-terminal Tail of Connexin 43 Regulates Brain Endothelial Cell 

Permeability 

4.1 Introduction 

The cytoplasmic, C-terminal tail of Cx43 serves as the main regulator of Cx43 channel functions. 

It spans from AA243-382 and contains several phosphorylatable residues that can result in conformation 

changes to regulate canonical channel functions of Cx43 hexamers (1, 2). In particular, phosphorylation 

of C-terminal residues create a negatively charged C-terminal tail (CT) that allows for interaction with the 

positively charged cytoplasmic loop (CL) of Cx43, termed the CT-CL interaction (2). The CT-CL interaction 

functions to close GJs but open HCs (3-5). Truncated Cx43 lacking the CT results in permanently open GJs 

and permanently closed HCs (6).  

In addition to channel opening and closing, the Cx43 CT has many channel-independent functions, 

including Cx43 trafficking, turnover and signal transduction. In recent years, several Cx43 CT isoforms have 

been described that have emerging functional roles in Cx43 regulation. Smyth and Shaw report that 

several methionines contained in the C-terminus of Cx43 serve as internal translation start sites, resulting 

in the expression of multiple Cx43 isoforms incorporating the C-terminal tail (Fig. 4.1.1A) (7). The most 

abundant of these isoforms is the 20 kilo-Daltons (kD) isoform initiated at Methionine 213 (M213, 20-

Cx43). They have described a trafficking role for 20-Cx43, such that introduction of point mutation M213A 

results in inhibited Cx43 trafficking to the membrane and greatly reduced Cx43 GJ appearance and GJIC. 

Another study has proposed the origin of lower molecular weight Cx43 isoforms arise from MMP cleavage 

events at the cell membrane that regulate channel-dependent signal transduction (Fig. 4.1.1B) (8). Yet 

more numerous studies not evaluating specific Cx43 CT isoforms, have simply overexpressed the entire 
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Cx43 CT or portions of the CT and observed various cellular effects, all indicating that the Cx43 CT, as an 

independent entity, is capable of wide-ranging cellular functions that have significant implications for 

disease (9-12). 

 We sought to determine whether Cx43 CT isoforms are overexpressed in CCM3KD cells, and 

whether overexpression of 20-Cx43 in mBECs alone may recapitulate phenotypes observed in CCM3KD 

cells, particularly with respect to permeability and TJ protein organization. Additionally, given the novelty 

of the 20-Cx43 isoform, we sought to characterize the biological functions of 20-Cx43 in mBECs 

independent of CCM3 disease. 

4.2 Results 

4.2.1 Validation of 20kD expression in mBECs 

We first sought to identify whether CCM3KD cells display increased expression of reported Cx43 

isoforms. Using an antibody directed to the C-terminal tail of Cx43, made against residues C-terminal to 

M213, we observed a detectable band at approximately 20kDa whose expression was significantly 

elevated in CCM3KD cells compared to controls (20-Cx43, Fig 4.2.1A). The increase in 20kDa isoform was 

roughly proportionate to the increase in full length Cx43 (43-Cx43). To validate that the band at 20kDa 

was indeed the C-terminus tail, lysates of control and CCM3KD cells were blotted and tested against an 
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N-terminal Cx43 antibody, made against Cx43 AA107-138 that are not included in any lower molecular 

weight Cx43 C-terminal isoform. No bands were observed at 20kDa, while 43kDa bands were detected as 

expected (Fig. 4.2.1B). This supports that the 20kDa band is the C-terminal tail of Cx43. 

Two hypotheses exist to describe the origin of 20-Cx43 isoform: 1) MMP cleavage events that 

occur at multiple sites, but produce several C-terminal cleavage products of approximately 15-20kDa and 

2) internal translation utilizing the M213 start codon (7, 8). Each hypothesis was tested. MMP2, 7 and 9 

have all showed activity against Cx43, therefore, we employed the MMP inhibitor, Batimastat, with 

inhibition of MMP1 (IC50, 3nM), 

MMP 2 (4nM), MMP3 (20nM), 

MMP7 (6nM), and MMP9 (4nM) in 

control and CCM3KD cells. No 

change in 20- or 43-Cx43 expression 

was observed following western blot 

analysis of lysates from treated cells. 

No additional molecular weight 

bands were observed following 

treatment (Fig 4.2.2). 
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To examine whether the observed 20kDa isoform arises from internal translation, we made an 

expression construct according to (7), containing the entire C-terminal Cx43 tail, beginning with the 

reported endogenous M213 start codon. Transfection of mBECs with this construct and subsequent 

western blot analysis revealed robust expression of 20-Cx43 (Fig. 4.2.3A). Intriguingly, lysates from cells 

overexpressing full-length Cx43 (FLover) or 20-Cx43 (213over) exhibited the same expression pattern of both 

43- and 20-Cx43. In FLover mBECs, this suggests that internal translation of either exogenous or endogenous 

20-Cx43 is increased. In 213over mBECs, the expression of endogenous 43-Cx43 is significantly upregulated.  

To confirm that exogenous 20-Cx43 induces expression of endogenous 43-Cx43, qPCR was 

performed using primer sets for either N-terminal or C-terminal Cx43 transcript (Fig 4.2.3B). In FLover 

mBECs, it was expected to observe N- and C-terminal primer sets to amplify Cx43 to approximately the 

same extent, given that the exogenous and endogenous Cx43 transcripts will contain both the N- and C-

terminal regions. This is what we observed. Intriguingly, while we observed the expected increase in C-

terminal Cx43 transcript (exogenous construct), we observed a significant 3-fold increase in N-terminal 
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Cx43 transcript (endogenous transcript), consistent with the observed 2-fold increase in 43-Cx43 protein 

in 213over cells. This finding suggests that 20-Cx43 is capable of regulating Cx43 transcription. Overall, our 

initial analysis suggest that 20-Cx43 arises from translation of Cx43 transcript at M213 and is capable of 

regulating 43-Cx43 protein expression. 

4.2.2 Overexpression of 20-Cx43 increases GJIC, HC activity and monolayer permeability of mBECs 

To determine whether increased 20- or 43-Cx43 protein expression is responsible for the 

permeability defect of CCM3KD cells, FLover and 213over mBECs were examined for canonical Cx43 

functional effects observed in CCM3KD cells. First, scratch assays revealed that GJIC is significantly 

elevated in FLover mBECs, confirming that exogenously expressed Cx43 is functional (Fig. 4.2.4). 

Interestingly, 213over mBECs also demonstrated significantly elevated GJIC. Whether this is due to 20-Cx43 

itself or the ability of 20-Cx43 to upregulate the expression of 43-Cx43 is not known.

 

Hemichannel activation was also evaluated in FLover and 213over mBECs, as examined by the overlay 

of LY onto mBEC monolayers. As with CCM3KD cells, the number of LY-positive cells was significantly 

greater in FLover and 20over mBECs compared to control cells (Fig. 4.2.5). 213over mBECs demonstrated the 

greatest capacity of mBECs to uptake LY. When the amount of LY uptake per cell was analyzed, FLover  
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mBECs demonstrated a higher capacity for LY uptake volume. These differences are important, given that 

it is important to distinguish differences between the number of HCs as well as the function of HCs. When 

comparing all groups, it appears that while CCM3KD, FLover and 213over mBECs all have more numerous 

HCs, LY volume uptake data suggests that FLover mBECs may have altered HC function, such that FLover 

mBECs HCs may have defects in open/close mechanisms. Elevated GJIC may also be contributing to the 

ability of LY dye to be transferred in a non-HC dependent manner, thus making it difficult to distinguish 

between HC and GJIC capacity. HC activity could be inhibited in all groups by treatment with GAP19, a 
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Cx43 HC-specific peptide inhibitor. GAP27, reported to inhibit Cx43 HCs in addition to Cx43 GJs, had 

surprisingly little effect on HC activity. 

Given that GAP27 treatment of CCM3KD cells 

reduced Cx43 GJIC and most importantly, rescued 

elevated CCM3KD monolayer permeability, we 

examined whether Cx43 overexpression alone could 

cause an increase in monolayer permeability. Indeed, 

the monolayer permeability of FLover and 213over mBEC 

monolayers was significantly elevated compared to 

controls and comparable to CCM3KD cells (Fig. 4.2.6). 

4.2.3 TJ protein expression and organization is 

altered by Cx43-20kD overexpression 

CCM3KD cells exhibit reduced expression of TJ proteins ZO-1 and claudin-5. Given that FLover and 

213over mBECs exhibit increased monolayer permeability, we examined whether Cx43 overexpression 

alone affects TJ protein expression. ZO-1 was significantly reduced compared to controls in FLover and 

213over mBECs, comparable to CCM3KD cells, while claudin-5 was less affected by Cx43 overexpression 

and CCM3KD (Fig. 4.2.7).  

Larger Cx43 GJ plaques of CCM3KD cells disrupted ZO-1 localization, such that ZO-1 preferentially 

localized to GJ plaques instead of TJ structures along the cell border. We examined whether ZO-1 

distribution to TJ structures was disrupted in FLover and 213over mBECs. Indeed, a similar pattern of ZO-1 

fragmentation along the border was observed in FLover and 213over mBECs compared to controls and 

comparable to CCM3KD cells (Fig. 4.2.8). Almost no regions of continuous ZO-1 cell border staining could 

be observed. 
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We demonstrated that full-length Cx43 and ZO-1 exhibited reduced interaction in CCM3KD cells 

compared to control cells. Given that ZO-1 binds Cx43 at I382, it is possible that 20-Cx43 and ZO-1 can 

interact, though no study has examined this. Based on our initial results that 43-Cx43 and ZO-1 exhibit 

reduced interaction, we hypothesized that a competition for ZO-1 binding may exist between 20-Cx43 and 

43-Cx43. To address this hypothesis, we performed FRET using an N-terminal mCherry-tagged 20-Cx43 

and N-terminal AcGFP-tagged ZO-1. As with 43-Cx43, 20-Cx43 demonstrated reduced interaction 

instances with ZO-1 in cell 

border regions of CCM3KD cells 

compared to control cells (Fig. 

4.2.9). Overall, this suggests 

that 20-Cx43 does not 

outcompete 43-Cx43 for ZO-1 

binding and in fact, shows 

reduced interaction as well. 

4.2.4 Cx43-20kD is localized to the chromatin-bound fraction and is associated with transcriptional 

changes. 

Overexpression of 20-Cx43 alone upregulated endogenous Cx43 transcript. Signaling roles for 20-

Cx43 have been described but transcription regulation has not. We next sought to test the hypothesis that 

Cx43 may act as a transcriptional regulator. First, we performed cell fractionation experiments to 

determine the cellular localization of Cx43 in control, CCM3KD, FLover, or 213over cells. Of the fractions 

examined – cytosol, plasma membrane, chromatin-bound and cytoskeleton – Cx43 was localized 

principally to the plasma membrane, chromatin-bound and cytoskeletal fractions (Fig. 4.2.10A). Both 20-

Cx43 and 43-Cx43 appeared in these three fractions and while some difference in expression level was 

observed between all groups in particular compartments, CCM3KD or Cx43 overexpression did not cause 
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complete disappearance or appearance of 20- or 43-Cx43 into a cellular compartment. FRAP analysis of 

20- and 43-Cx43 in control and CCM3KD cells revealed that 20-Cx43 is significantly more mobile in 

CCM3KD cells compared to controls, supporting the notion of 20-Cx43 as a signaling molecule that may 

be more capable of traveling between cellular compartments in CCM3KD cells (Fig. 4.2.10B).  
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Given its localization to the 

chromatin-bound fraction and apparent 

transcriptional control of endogenous 43-

Cx43, we examined whether 20-Cx43 may 

regulate the transcription of ZO-1 and 

claudin-5. Both CCM3KD and 213over cells 

demonstrated significantly higher 

transcription of ZO-1 and claudin-5 

compared to controls with no 

transcriptional elevation observed for ZO-

1 or claudin-5 in FLover cells (Fig. 4.2.11). 

Finally, we performed several gene arrays to determine if 20-Cx43 was capable of regulating the 

expression of genes in addition to claudin-5 and ZO-1. In the first set of experiments, gene expression 

changes in control, CCM3KD, FLover and 213over mBECs was examined using the SABiosciences Endothelial 

Cell Biology and Signal Transduction PathwayFinder arrays (Fig. 4.2.12). When analyzing the results, we 

were particularly interested in identifying genes that were changed in more than one group compared to 

controls. Significant overlap between CCM3KD, FLover and 213over transcriptional changes compared to 

controls was observed. Interestingly, while FLover mBECs produced no unique overlapping transcripts with 

CCM3KD mBECs that were not also altered in 213over mBECs, 213over mBECs had several overlapping 

transcriptional changes with CCM3KD mBECs that were not altered in FLover mBECs. This suggests that 20-

Cx43, not 43-Cx43, is the principal driver of transcriptional changes in CCM3KD mBECs. Given our 

observations of both gene transcriptional changes as well as changes to Cx43 content in the chromatin-

bound fraction in 20-Cx43 overexpressing cells, we sought to determine whether overexpression of 20-

Cx43 can regulate gene transcription in a chromatin-modification dependent manner. Analysis of gene 
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expression in control and 213over mBECs using the Epigenetic Chromatin Modification Enzyme gene 

expression array from SABiosciences revealed many transcriptional changes in epigenetic modifying 

enzymes (Fig. 4.2.13). 
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2.3 Discussion 

 Studies of the origin and function of Cx43 lower molecular weight isoforms are only beginning to 

emerge in the literature. The expression of 20-Cx43 has never been addressed in the context of BBB 

permeability and has not been quantified in fCCM3. In the present study, we have observed 1) 20-Cx43 

expression is increased in CCM3KD cells, 2) 20-Cx43 likely arises from translation at M213, 3) 

overexpression of 20-Cx43 recapitulates many molecular events observed in CCM3KD cells, including 

Cx43-associated functions and effects on TJ organization and permeability and 4) 20-Cx43 may contribute 

to CCM3KD phenotypes through direct regulation of gene expression. 
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 A central question in the literature is whether 20-Cx43 arises from enzyme-driven cleavage of the 

C-terminal tail, internal translation at M213, or an alternative, yet to be described mechanism. We have 

ruled out the possibility of MMP2, 7, or 9 cleavage as the main driver of 20-Cx43 existence, at least in the 

context of CCM3KD cells. Previous in vitro studies have shown via surface plasmon resonance imaging 

that MMP7 directly binds to the C-terminal tail of Cx43 and separately, that in vitro enzyme reactions with 

Cx43 and MMPs2, 7 and 9 result in production of several C-terminal cleavage products. These studies have 

utilized antibodies directed towards the upper-C-terminal tail (252-270) and lower C-terminal tail (372-

382) and demonstrate cleavage occurs between those upper and lower portions. Two principal 

observations in our test of MMP inhibition is that 1) we did not observe the re-appearance of other C-

terminal products of varying molecular weight, which would be expected given the multiple cleavage sites 

reported for MMP-Cx43 interaction, and 2) we did not observe a change to either the expression level of 

20-Cx43 nor the ratio of 43-Cx43 to 20-Cx43 expression. Expression of 20-Cx43 would be expected to 

significantly decrease with MMP inhibition if it’s production was dependent on MMP activity, and we 

would expect a concurrent increase in 43-Cx43 if that pool of Cx43 is no longer being depleted by MMP 

cleavage. It is possible that other MMPs may be important for Cx43 cleavage or that MMP cleavage of 

Cx43 is cell type or context dependent and our conditions did not meet the criteria to induce such events. 

 Our strongest data that 20-Cx43 arises from internal translation is the observation that exogenous 

expression of a Cx43 construct with N-terminal truncation, such that the open reading frame begins at 

M213, produces an increase in appearance of the band at 20-Cx43 that we observe in CCM3KD cells. We 

were surprised to observe that 213over cells had increased expression of full-length Cx43 (43-Cx43). This 

effect has not previously been described in the literature. Several possibilities could explain this 

observation, including that 20-Cx43 post-translationally increases 43-Cx43 translation or pro-longs its half-

life, or that 20-Cx43 increases the availability of 43-Cx43 transcript. We determined that the latter case 

was true using primers sets designed to amplify the C-terminal - endogenous and exogenous 20-Cx43 
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transcript - or the N-terminus, which could only be due to transcription of endogenous protein given that 

the 213 construct transcript does not include the sites for N-terminal primer annealing. It is still possible 

that 20-Cx43 also acts in other ways to increase 43-Cx43 cellular content, including control of its half-life. 

Future experiments, including quantification of 43-Cx43 half-life in control and 213over cells using 

translation inhibitor cycloheximide, will further define how 20-Cx43 increases 43-Cx43 content. How 20-

Cx43 expression is increased in CCM3KD cells is also subject to future study. Previous work has suggested 

that the internal translation of 20-Cx43 is dependent on the Mnk1/2 pathway (13). Intriguingly, Mnk1/2 

is downstream of ERK1/2, the latter of which has been shown to have increased basal activity in CCM3KD 

cells by a STRIPAK-dependent mechanism (14). Whether inhibition of ERK1/2 can reduce 20-Cx43 

expression in CCM3KD cells will be the subject of future study. 

 We demonstrate that overexpression of 20-Cx43 results in many of the same functional 

phenotypes observed in CCM3KD cells, including elevated GJIC, HC activity and importantly, reduced 

monolayer permeability. In Chapter 2, we observed that Cx43 GJ plaques in CCM3KD cells disrupted the 

incorporation of ZO-1 into TJ structures. Similarly, we observe that overexpression of 20-Cx43 significantly 

shortens ZO-1 TJ fragment length, suggesting a similar mechanism by which permeability is decreased in 

both CCM3KD and 213over cells. While ZO-1 protein expression was decreased in CCM3KD, FLover and 213over 

cells, it is most intriguing that only 20-Cx43, and not 43-Cx43, overexpression recapitulates the TJ 

transcript profile of CCM3KD cells. Both claudin-5 and ZO-1 transcripts were significantly elevated in 

CCM3KD and 213over cells, with no significant increases in FLover cells. The increase in transcript with a 

decrease in protein is not surprising for CCM3KD cells, given previous work has demonstrated that the 

regulation of TJ protein content by CCM3 occurs in a post-translational mechanism (14). The similarities 

in transcript profile between CCM3KD and 213over cells, and not FLover cells, is the first observation to 

suggest a 43-Cx43-independent function within CCM3KD cells and one that may have significant outcomes 

given its ability to regulate transcriptional events. 
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 In addition to the observation that 20-Cx43 regulates claudin-5 and ZO-1 transcription, we also 

demonstrate for the first time that 43-Cx43 is incorporated into the chromatin-bound fraction of mBECs. 

Furthermore, we observe that CCM3KD and 213over cells both have depleted 43-Cx43 in this fraction. Only 

one study to our knowledge has indicated a direct interaction with a nuclear protein that affects 

transcription (15). That study, performed in a lung cancer cell line, demonstrated that Cx43 can localize 

to the nucleus when bound to A-kinase anchoring protein 95 (AKAP95) and this interaction and 

localization to the nucleus enables cell cycle progression. Whether gene expression was altered by 

localization of the Cx43-AKAP95 complex to the nucleus was not examined. Given that 43-Cx43 localizes 

to the chromatin-bound fraction, chromatin immunoprecipitation experiments will provide further 

information and is the subject of future study. 

Analysis of gene expression of genes regulating endothelial biology as well as genes involved in 

signal transduction revealed that several overlapping genes have altered transcription in CCM3KD, FLover 

and 213over compared to control mBECs, as well as additional overlap between CCM3KD and 213over 

compared to control mBEC gene transcription. Nearly all genes with altered transcription in all three 

groups compared to controls had a greater than 4-fold change compared to controls, while genes with 

altered transcription in only one or two groups did not have such robust changes. Ccl2, Ccl5, Cxcl1, Cxcl2, 

Il6, Npbb, and Ptgs2, all robustly increased in all three groups compared to controls, are regulators of 

angiogenesis and inflammation. Given that these genes are increased by overexpression of 43-Cx43 or 20-

Cx43 alone, it is likely that elevated Cx43 in CCM3KD cells directly or indirectly contributes to the elevation 

of these transcripts. Inflammation and angiogenesis have both been implicated in the pathogenesis of 

fCCM (16, 17). Inflammation in general is a known contributor to increased barrier permeability (18). 

Whether these genes are specifically regulated by Cx43 GJs or represent additional mechanisms by which 

Cx43 contributes to fCCM pathology will need to be explored. Finally, we observed a robust decrease in 

Hey1 for all groups compared to controls. Hey1 is a transcription factor and direct target of Notch, a 
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regulator of vasculogenesis in development (19). It has been shown that decreased Notch signaling can 

be observed in CCM3KD cells and it is suggested that this promotes angiogenesis (20, 21). This also 

supports our data showing robust increases in genes regulating angiogenesis. How 43-Cx43 or 20-Cx43 

regulates Notch signaling is not known. 

Analysis of epigenetic modification enzyme transcription revealed approximately 4-fold decreases 

in DNA methyl transferases 3a and 3b (DNMT3a, DNMT3b) in 213over mBECs compared to control mBECs. 

Dnmt3a mutations that reduce DNMT3 activity are prevalent in patients with acute myeloid leukemia 

(AML) and in vitro work has demonstrated the necessity of DNMT3 for the differentiation of 

hematopoietic stem cells (22, 23). Studies of CCM1KO mice have suggested that loss of CCM1 results in 

an endothelial to mesenchymal transition (EndMT) and while EndMT has not thoroughly been addressed 

in fCCM3, a decrease in the pro-differentiation regulator DNMT3 suggests that loss of a differentiated 

state should be examined in CCM3KD mBECs (24). It is also interesting to note that both Cx43 and DNMT3 

play important roles in bone homeostasis. As discussed in the introduction, N-terminal mutations in Cx43 

in humans causes ODDD, in which patients have malformed bones in the cranial and cephalic regions (25). 

Cx43 knockout mice have impaired osteoblast differentiation (26-28). Intriguingly, DNMT3 knockout mice 

also display abrogated osteoclastogenesis but no study has linked the Cx43 and DNMT3 pathways (29). 

Our gene array results suggest that Cx43 directly or indirectly regulates DNMT3 and suggests a mechanism 

through which Cx43 can regulate gene expression and cell differentiation state. Examining the effects of 

DNMT3 in brain endothelial cells, particularly in CCM3KD cells will be informative. 

 Currently, it is difficult to determine whether the functional effects we observe with 20-Cx43 

overexpression are due to direct 20-Cx43 effects or indirectly through its modulation of 43-Cx43 

expression. Future experiments will employ a strategy where endogenous transcription can be controlled. 

One approach would include the use of shRNA directed to the 3’UTR of Cx43 such that endogenous 

protein level can be controlled by the concentration of shRNA employed. Another approach would be the 



93 
 

use of an alternative cell line that does not express endogenous Cx43 and use double transfections of 43-

Cx43 and 20-Cx43 constructs. If the expression of 43-Cx43 can be kept constant and remain unaltered in 

213over cells compared to control cells, we can begin to address whether functional effects result from 

direct action of 20-Cx43 on particular pathways or indirectly by its ability to transcriptionally regulate 43-

Cx43 and increase its protein expression. A companion approach will include the use of a Cx43 M213A 

construct already available in the lab in which the start codon for 20-Cx43 has been mutated. By 

transfecting cells with both 3’-UTR Cx43 shRNA and the Cx43 M213A construct, we can produce cells 

expressing only 43-Cx43 and lower molecular weight isoforms that do not include 20-Cx43. 

 In conclusion, we have observed striking functional overlap between CCM3KD mBECs and mBECs 

overexpressing 43-Cx43 and 20-Cx43. Given the recent implications for Cx43-driven permeability defects 

in the BBB (discussed in detail in the Chapter 2 discussion), studies addressing how Cx43 may regulate 

brain endothelial biology are of the utmost importance. Based on our findings, 20-Cx43 represents an 

important target to pursue in fCCM3, especially given its ability to recapitulate TJ defects observed in 

CCM3KD cells. Future studies will focus on extending the analysis of 20-Cx43 function in brain endothelial 

cells to its regulation of gene expression. 

4.4 Materials and Methods 

4.4.1 Cx43 construct cloning 

Flag-tagged Cx43 expression constructs were produced to facilitate study of Cx43 overexpression. 

For full length Cx43 (FLover), the entire ORF of Cx43 was cloned into Clontech’s flag vector. To produce the 

20kD isoform according to the internal translation hypothesis, methionine (M) 213 was used as the start 

codon, such that the entire ORF coding for M213-I382 was cloned into flag tag vector (213over). To produce 

a 20kD isoform according to the cleavage event hypothesis, the entire ORF between AA243-382 was 

cloned, with addition of a Met start codon prior to residue 243 to facilitate expression, into a flag tag 

vector. Constructs were transfected into mBECs using TorpedoDNA transfection reagent (ibidiUSA). 
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4.4.2 20kD isoform validation 

Antibodies directed towards the N- or C-terminus of Cx43 were used to confirm that the 20kD 

band identified on western blots is indeed the C-terminus of Cx43. The N-terminus-directed antibody 

recognizes AA107-118 (Cxn-6, GeneTex), while the C-terminus-directed antibody (3516, Cell Signaling) 

recognizes the C-terminal tail. 

MMP2, 7 and 9 inhibition studies were performed using Batimastat. Control or CCM3KD mBECs 

(see chapter 2 methods for knockdown protocol) were treated with 100nM Batimastat for 1hr. Cells were 

harvested and full cell lysates were analyzed via western blot to confirm C-terminal Cx43 expression. 

4.4.3 Cell fractionation 

Cell fractionation was performed using the Subcellular Protein Fractionation Kit for Cultured Cells 

(Pierce). Fractionation was performed according to kit instructions for 3 independent experiments each 

for control, CCM3KD, FLover and 213over cells. Fraction purity was determined using the following 

antibodies: cytosol, HSP70; membrane, Caveolin-1; chromatin-bound fraction, Histone H3; cytoskeleton, 

vimentin. 

Cx43 Gap Junction Intracellular Communication (GJIC) and Hemichannel (HC) activity assays, 

Transendothelial Electrical Resistance (TEER) assays, and FRAP and FRET analysis were performed as 

described in Chapter 2 Materials and Methods Sections. 

4.4.4 Gene arrays 

RNA from control, CCM3KD, FLover or 213over mBECs was harvested using the RNeasy Mini Kit 

(SABiosciences). As recommended, 0.5g of RNA was reverse transcribed for each gene array plate using 

the RT2 First Strand kit (SABiosciences). Finally, the following gene arrays were performed according to 

the manufacturer’s instructions: Endothelial Cell Biology (PAMM-015Z), Signal Transduction 

PathwayFinder (PAMM-014Z) and Epigenetic Chromatin Modification Enzymes (PAMM-085Z) 

(SABiosciences). Analysis was performed using the SABiosciences PCR array analysis services. 
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Chapter 5: Conclusions, Future Directions and Final Remarks 

5.1 Conclusions and Future Directions 

The work in this dissertation describes our efforts to characterize the role of Cx43 in familial 

Cerebral Cavernous Malformations Type III and in the regulation of BBB permeability at large. In Chapter 

2, we identified the overexpression of Cx43 in CCM3KD mBECs and pericytes and described that overactive 

GJIC and HC activity can be observed in CCM3KD mBECs. We demonstrated a striking rescue of CCM3KD 

monolayer permeability with GAP27-mediated inhibition of Cx43 GJIC. The characterization of Cx43 GJIC 

in the regulation of permeability in CCM3KD cells was extended to show that aberrant accumulation of 

Cx43 GJ plaques prevents proper distribution of ZO-1 to TJ structures and results in downstream 

consequences for the incorporation of claudin-5 into the TJs. In Chapter 3, we extended our evaluation of 

Cx43 in fCCM3 to a murine model based on the two-hit hypothesis of fCCM. In the course of our mouse 

studies, we established the important point that lesion permeability occurs prior to hemorrhage and that 

lesion permeability is a predictor of hemorrhage. Immunofluorescence study of lesion sections 

demonstrated that Cx43 expression is elevated in all lesion maturation stages and particularly high in 

developing, permeable lesions, adding weight to our findings in Chapter 1 – that elevated Cx43 expression 

is a direct contributing factor to loss of BBB integrity. Finally, in Chapter 4, we extended our analysis of 

Cx43 to mBEC biology outside of fCCM3 with the goal of determining what aspects of Cx43 overexpression 

were contributing factors to fCCM3 pathology. We demonstrate that the C-terminal Cx43 isoform of 

20kDa likely arises from internal translation and that overexpression of 20-Cx43 in mBECs recapitulates 

many aspects of fCCM3 pathology observed in Chapter 2. Finally, we introduce the novel concept that 

elevated 20-Cx43 may directly regulate gene expression in mBECs.
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To our knowledge, no previous study has provided a mechanistic description of how Cx43 may 

regulate BBB integrity and no study has examined Cx43 in fCCMs. Additionally, while many studies have 

examined the effect of ZO-1 on Cx43 GJ plaque stability and GJIC, no study has examined whether an 

opposite regulation exists by which Cx43 GJs can influence ZO-1 organization (1-3). Indeed, we have 

uncovered a novel mechanism by which accumulation of GJs plaques in CCM3KD cells leads to the 

preferential accumulation of ZO-1 at Cx43 GJs plaques and lack of ZO-1 incorporation into TJs. It is of 

interest for future study how Cx43 influences ZO-1 localization. In published studies, ZO-1 accumulates at 

Cx43 GJ plaque perimeter and signals plaque internalization (3). One hypothesis is that the internalization 

machinery of CCM3KD cells is incapable of internalizing the Cx43-ZO-1 complex, thus both Cx43 and ZO-1 

continue to accumulate into the plaque. However, we observed with FRET analysis that Cx43 and ZO-1 

interaction at the membrane is reduced, thus another potential explanation is that the signal regulating 

ZO-1 localization to Cx43 GJs for degradation are functional, but phosphorylation events guiding the Cx43-

ZO-1 complex formation are absent, preventing their complexing and eventual degradation. This also 

would explain accumulation of ZO-1 at Cx43 plaques and is supported in part by our observation that 

GAP27-mediated inhibition of Cx43 GJIC reduces Cx43 GJ plaque size and is reported elsewhere to induce 

a conformational change in Cx43. Overall, the Cx43 regulation of ZO-1 is important given that targeting 

Cx43 degradation pathways may represent an alternative method outside of GAP27 treatment to inhibit 

Cx43 plaque formation and re-establish ZO-1 localization to TJs in fCCM3. 

 An initial goal of this dissertation was to address the question of what cell types of the NVU 

contribute to fCCM3 pathology. Endothelial cells are accepted to be the central cell type of origin for ccm3 

loss of function mutations and this is supported by mouse studies demonstrating that neuronal- and glial- 

specific CCM3KO mice have no disease penetrance (though they do have other pathologies including 

enlarged brains) (4-7). However, how the crosstalk between ccm3-/- endothelial cells and ccm3+/- pericytes 

and astrocytes promotes disease progression is still unknown. Cx43 was initially selected for study due to 
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its ability to directly link all cell types of the NVU. We demonstrate that Cx43 is also elevated in CCM3KD 

pericytes and GJIC between CCM3KD mBECs and CCM3KD pericytes remains intact and is observationally 

increased (Chapter 2) and that Cx43 is at minimum, expressed in lesion pericytes of ccm3+/-p53-/- mice. A 

more refined study of Cx43 GJIC between mBECs and pericytes as well as more quantitative analysis of 

Cx43 expression levels in pericytes of ccm3+/-p53-/- mice is of interest for future study. In particular, it is of 

great interest to examine the extent to which injury can be propagated from ccm3-/- mBECs to surrounding 

mBECs, pericytes and astrocytes. Other studies have demonstrated the ability of dying cells to kill 

surrounding cells via transfer of harmful molecules through Cx43 GJIC (8). In addition, Cx43 HC-dependent 

calcium waves have also been implicated in distant cell injury, thus increases to Cx43 HC activity in 

CCM3KD cells may represent an additional mechanism by which injury can be propagated from ccm3-/- 

cells to healthy cells (9, 10). The number of ccm3-/- cells required for lesion initiation is not known, 

however, if Cx43 GJs can truly propagate injury, the number of initiating cells required may be quite low, 

and may provide an explanation for new lesion appearance throughout the lifetime of an fCCM patient 

when it is unlikely to acquire second hits in multiple neighboring cells. Alternatively, Cx43 GJIC may 

facilitate the passage of toxic agents to genetically healthy cells that incite a second-hit. Finally, we 

observed that Cx43 expression was most robustly elevated in CCM3KD cells compared to CCM1- or 

CCM2KD cells. Cx43-mediated propagation of injury may explain why fCCM3 disease is the most 

aggressive subtype. 

 Another novel finding of this dissertation was the elevated expression of 20-Cx43 and its 

characterization in mBEC biology. Importantly, we observed similar functional behavior of CCM3KD and 

213over mBECs, including increased GJIC and HC activity, decreased monolayer permeability, TJ 

transcription and Cx43 depletion from the chromatin-bound fraction. Gene expression arrays indicated 

that 43- and 20-Cx43 overexpression cause transcriptional changes to genes also altered by CCM3KD. In 

particular, angiogenic and inflammatory pathways were elevated in CCM3KD, FLover and 213over mBECs 
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compared to control mBECs, and 20-Cx43 overexpression altered the expression of chromatin 

modification enzymes. Future studies will validate these findings as well as extend the study of altered 

transcripts to cell culture and mouse models to form a more cohesive picture of how 43- and 20-Cx43 

regulate CCM3 pathogenesis. Further study of 20-Cx43 is difficult given the lack of available techniques 

for its study. Given that 20-Cx43 arises from internal translation, and thus the same transcript as full-

length Cx43, transcript-depleting methods cannot be employed to knockdown 20-Cx43 without affecting 

43-Cx43 expression. The same problem exists with techniques employing antibodies against the C-

terminal tail of Cx43, such as immunoprecipitation and IHC of endogenous protein, given that the amino 

acid sequences are identical. It is not known if 20-Cx43 confers a different structure than the C-terminus 

of 43-Cx43, however, that may represent an opportunity for 20-Cx43-specific antibody development. 

While we successfully employed the strategy of using an N-terminal and C-terminal Cx43 antibody in the 

confirmation of the C-terminal origin of 20-Cx43 via Western blotting, we have not been successful in 

identifying N-terminal/C-terminal antibody pairings that are compatible with IHC. If new antibodies 

become available, N-terminal/C-terminal IHC comparison can be used to differentiate between 43-Cx43 

and 20-Cx43 localization (regions where there is no co-staining of N- and C-terminal antibodies would be 

indicative of 20-Cx43 staining). Additional future strategies to study 20-Cx43 are discussed in the Chapter 

4 discussion. 

In an effort to identify disease mechanisms unique to fCCM3, we determined that Cx43 protein is 

also upregulated in CCM1KD and CCM2KD cells, however, to a much lesser extent than CCM3KD cells. 

Functional characterization of Cx43 in CCM3KD cells has indicated that future work into CCM3 pathways 

mediating Cx43 function should focus on events regulating the accumulation of GJ plaques. Two candidate 

pathways based on the literatures are a STRIPAK-PP2A-Cx43 pathway and STRIPAK-ERK1/2-Cx43 pathway. 

Previous work in the lab identified increased basal activation of ERK1/2 downstream of CCM3 and the 

STRIPAK complex and ERK1/2 is reported to phosphorylate Cx43 at inhibitory residues and inhibit the 
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internal translation pathway, both in opposition to Cx43 behavior in CCM3KD cells (11). However, these 

studies may represent cell type-specific pathways and thus are worth pursuing. Preliminary experiments 

not included in this dissertation examined whether ERK1/2 lies in the CCM3-Cx43 axis and demonstrated 

that ERK1/2 inhibition decreased 43-Cx43 and 20-Cx43 expression as well as GJIC, however, these results 

need to be validated with additional experiments. The STRIPAK resident phosphatase PP2A is also a 

promising candidate. It is reported in the literature to dephosphorylate Cx43 to promote trafficking to the 

membrane (12). Loss of CCM3 from the STRIPAK complex may result in over-activated PP2A in a 

mechanism similar to over-activated Mst4, such that instances of PP2A dephosphorylation of Cx43 in 

CCM3KD cells are higher than in control cells. An experiment examining PP2A inhibition and GJ plaque 

formation or GJIC will be informative to prove or disprove this hypothesis. 

Additional mouse models may be helpful in future studies examining Cx43 in fCCM3. Cx43 

knockout (Cx43KO) mice die shortly after birth due to cardiac defects, however Cx43fl/fl mice are available 

(13, 14). Conditional global and endothelial-specific Cx43 KO mice principally exhibit altered bone 

formation – consistent with human ODDD – and non-fatal cardiac pathologies including bradycardia (15, 

16). It would be informative to determine whether induction of Cx43 deletion in a ccm3+/-p53-/-Cx43fl/fl 

mouse ameliorates lesion development or hyperpermeability. Brain endothelial permeability in Cx43KO 

mice has not been examined. Cx43 transgenic mice are also available, though with reduced post-natal 

viability due to cardiac malformations (17). As with Cx43KO mice, brain endothelial cell permeability has 

not been studied in Cx43 transgenic mice. Such studies would complement our in vitro work characterizing 

Cx43’s role in brain endothelial biology. Additionally, while no 20-Cx43 transgenic mouse exists, the 

development of this mouse model would ultimately allow for characterization of 20-Cx43 overexpression 

in mice. In particular, a full length Cx43-deleted, 20-Cx43 transgenic model would enable identification of 

biological roles for 20-Cx43 without interference of 43-Cx43, presuming these mice are viable. Finally, it 

is important to note that CCM3KO mice are embryonic lethal due to cardiac defects, and while 
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cardiopathies are not described in human fCCM patients, these phenotypes add support to the regulation 

of Cx43 by CCM3. 

Finally, the overall goal of this dissertation was to identify signaling pathways regulated by CCM3 

that may represent a therapeutic target. Based on our results as a whole, we believe that targeting Cx43 

expression, and particularly Cx43 GJIC, represents a potential therapeutic strategy for fCCM3. Immediate 

future experiments to validate the potential of Cx43 GJIC inhibitor GAP27 will examine the ability of GAP27 

treatment to decrease ccm3+/-p53-/- lesion burden, permeability and hemorrhage. We are hopeful that the 

GAP27 or derivative peptides will be effective, as they have the advantage of targeting the extracellular 

loop of Cx43, potentially allowing it to be a more feasible option given that it does not require cellular 

uptake. 

5.2 Final remarks 

The pursuit of this dissertation has resulted in the identification of novel disease mechanisms in fCCM3 

and has introduced Cx43 GJs as central components to brain endothelial barrier occlusion. We have laid 

an intellectual and technical foundation for the future study of Cx43 in fCCM3 and additional 

cerebrovascular pathologies.  
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