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ABSTRACT 

The novel protein Carom is a homolog of the Drosophila protein, Nervous Wreck (Nwk). 

Carom was cloned as a homocysteine response protein in primary endothelial cells (EC). 

In order to discern the functionality of the protein in higher order mammals and potential 

role in homocysteine-inhibited angiogenesis, we performed basic characterization studies 

on Carom. Theoretical modeling of Carom matched the solved structure of Nwk. Using a 

lab-generated antibody against Carom’s F-BAR domain, it is evident that Carom localizes 

to the mitochondria and speckling in the nucleus of primary ECs.  

In order to perform biochemical and structural studies in primary ECs, Carom was cloned 

from an adenoviral shuttle vector to an adeno-associated virus (AAV) transfer vector. We 

created a multi-cistronic open reading frame with an N-terminal Flag and a cleavable C-

terminal green fluorescent protein (mClover3). Primary ECs are difficult to transfect, so 

we optimized an AAV packaging system in order to get high titers and high purity AAV 

that can transduce our primary ECs.  

Carom is composed of several functional domains with the capability of binding to cell 

membranes and act as a scaffolding for attaching adaptor proteins. To isolate which 

domains are essential to the partner binding and cellular localization, we serially truncated 

the domains from Carom starting from both the C-terminus and N-terminus. We 

demonstrated that the C-terminal region features some post-translational modifications 

creating the second band in western blots with lower mobility. Also, the F-BAR domain is 

responsible for translocalization of Carom from the cytoplasm to the cell membrane and 

nucleus.  
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A novel mechanism is proposed for why Carom is upregulated in response to homocysteine 

(Hcy), an independent risk factor for cardiovascular disease. It is previously known that 

Hcy inhibits angiogenesis. Our data mining studies identified a potentially important 

receptor for angiogenesis in ECs, VEGFR2, being endocytosed and ultimately degraded. 

Through biotinylation assays, we determined that Carom does help enhance the 

endocytosis of VEGFR2 potentially leading to degradation via the lysosome.  

In summary, Carom is endogenously localized to the mitochondria in primary ECs, the C-

terminus is post-translationally modified, the bipartite nuclear localization signal 

containing F-BAR domain localizes to the cell membrane and nucleus, and Carom 

enhances the endocytosis of VEGFR2.  
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CHAPTER 1 

INTRODUCTION 

1.1 Homocysteine 

Homocysteine (Hcy) and Cysteine (Cys) are two amino acids created as part of methionine 

(Met) metabolism, a key regulatory element of global methylation in the cell [1]. Disorders 

in the methionine cycle and ancillary metabolic pathways such as the folate cycle can lead 

to elevated levels of Hcy and S-adenyl-Hcy (SAH) in the plasma [2]. Elevated plasma Hcy, 

called hyperhomocysteinemia (HHcy), is associated with several pathologies including 

diabetes mellitus [3, 4], inflammatory bowel disease [5], hypothyroidism [6], lupus [7], 

malignancies [8, 9], in addition to several medications such as cholesterol-lowering agents, 

methotrexate, theophylline, anticonvulsants, metformin, and levodopa [10]. Normal fasting 

plasma levels of Hcy are in the range of 5-15umol/L, with elevated levels broken into three 

categories: mild (16-24 μmol/L), moderate (25-100 μmol/L), and severe (>100 μmol/L).  

1.2 Chemical Structure of Homocysteine 

Hcy is a homolog of the amino acid Cys and biosynthesized from Met in a multi-step 

process. Methionine has the addition of a terminal methyl group and Cys is missing a 

methylene bridge group from Hcy (Fig 1.1). Hcy is found either protein bound or in a free 

form when in the plasma. The free-form Hcy can be found in three forms: homodimer with 

another Hcy, disulfide with Cysteine, or a reduced form of Hcy.  
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Figure 1.1: Chemical Structures of Homocysteine, Cysteine, and Methionine. 

 

1.1.2 Homocysteine Metabolism 

Methionine metabolism is a crucial regulatory of global methylation in the cell (Fig 1.2). 

Met is a sulfur-containing dietary amino acid used both directly in protein synthesis and as 

a precursor for the other sulfur-containing amino acids; Hcy, Cys, and taurine. The methyl 

group in Met is activated with the addition of adenosine from ATP so form S-adenyl-

methionine (SAM). The methyl group in SAM is used in several methyltransferase 

reactions to methylate DNA, proteins, and histones. In donating its methyl group, SAM is 

converted to S-adenyl-Hcy. A reversible reaction occurs through SAH hydrolase that 

removed adenosine from SAH making Hcy. Hcy can now go through either methylation 

via folate acid/choline back to methionine or trans-sulfurate to Cys through Cystathionine-

β-synthase (CBS). Cysteine can ultimately then be incorporated into proteins or oxidized 

into taurine [11]. 

1.1.3 HHcy as an Independent Risk Factor for Cardiovascular Disease 

The clinical significance of HHcy was first discovered in 1962 in a study that found 

homocystinuria in children with mental retardation [12], with the cause of the elevated Hcy 

levels due to a defect in CBS blocking Hcy metabolism [13]. This was expanded in 1969 

to vascular pathology in these patients including smooth muscle proliferation, progressive 
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Figure 1.2: Folic Acid Metabolism. Met – methionine, SAM – s-adenyl-methionine, SAH 

– s-adenyl-homocysteine, Hcy – homocysteine, MT – methyltransferase, Ade – adenosine, 

CBS – cystathionine-beta-synthase, CSE – Cystathionine gamma-lyase, Cysta – 

cystathionine, Cys – cysteine. 

 

arterial stenosis, and hemostatic changes [14]. Since then there has been a body of work 

attributing HHcy levels as an independent risk factor for cardiovascular disease [15, 16], 

cerebrovascular disease, coronary artery disease, and peripheral vascular disease [17].  For 

example, a polymorphism Methylenetetrahydrofolate reductase (C677T), an important 

enzyme metabolizing Hcy to Methionine, is prevalent in 18.6% of European descent and 

leads to increased plasma Hcy [18, 19]. The China Stroke Primary Prevention Trial 

demonstrated that folate supplementation for patients with MTFHR(C677T) to decrease 

their plasma Hcy levels had a significant decrease in first stroke risk [20]. 

Our lab has reported several studies demonstrating HHcy’s effect on biology. HHcy can 

induce endothelial cell growth inhibition and promote endothelial injury [21-23]. These 

studies require much higher than physiologically relevant concentrations of Hcy, but our 
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lab was the first to report Hcy inhibiting EC growth at the more physiological level of 50 

μM through a hypomethylation-related mechanism [24, 25]. The development of 

atherosclerosis is accelerated by endothelial injury and post-injury repair [26]. 

Furthermore, our lab has reported that severe HHcy promotes post-injury neointima 

formation by inhibition of EC proliferation and migration [27]. 

1.2 Clathrin Mediated Endocytosis 

The ability of the cell to endocytose is required for a variety of cellular functions: nutrient 

uptake [28], cell adhesion and migration [29], receptor signaling [30], pathogen entry [31, 

32], and cell polarity [33, 34]. Equally important, is the intracellular trafficking and 

potential recycling of targeted membrane receptors [35]. Different types of endocytic 

processes can be distinguished by the size of the vesicle formed, their cargo and the 

machinery involved [36]. This can be divided between clathrin-independent (CIE) and 

clathrin-dependent (CME) processes. CME is the better-understood process but many of 

the regulatory steps are still unknown.   

1.2.1 CME Mechanism of Action 

Clathrin-mediated endocytosis, also called receptor-mediated endocytosis, is strictly 

controlled by receptor signaling on the cell surface. The process is initiated by ligands 

binding to receptors that require to be internalized and trafficked to three fates:  

1. Recycling endosome, marked by RAB11, that returns the receptor to the cell 

surface. An example is the epidermal growth factor receptor (EGFR) which is 

recycled when marked for CME [37]. 
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2. Late endosome, marked by RAB7, that moves the cargo to a lysosome for 

degradation, marked by LAMP1. An example is the internalization of cMet 

followed by its inactivation by this pathway [38]. 

3. Nuclear transport to act as a transcription factor and chromatin remodeling [39]. 

An example of this endosomal transport is ErbB-2 trafficking to the nucleus 

[40].  

The process for initialization begins the same, with membrane remodeling. BAR proteins, 

which will be discussed more fully, are brought to the cell membrane by adaptor proteins 

and create an invagination of the cell membrane. These adaptor proteins will help bring in 

clathrin to the budding plasma membrane. This forms a clathrin-coated pit around the 

receptor to be internalized. The mature pit is then cleaved from the plasma membrane 

through fission proteins like dynamin. The adaptor proteins and clathrin are then removed 

from the newly formed endosome which is then marked for trafficking to one of the 

previously mentioned fates.  

1.2.2 BAR Proteins 

Bin/Amphiphysin/Rvs (BAR) domain superfamily of proteins is associated with dynamic 

changes in cell membranes [41, 42]. These can have concave (F-BAR) or convex (I-BAR) 

shapes. A subset of F-BAR proteins can act on membranes like I-BAR proteins and are 

classified as IF-BAR. The ability of these proteins to act on the shape and remodeling of 

synaptic compartments as well as assemble and reorganize signal receiving machinery 

along the dendritic spines [43]. The ability of the BAR domain to self-associate also leads 

to the possibility of BAR family proteins to suppress the function of other BAR family 

proteins [44].  Fig 2 represents how BAR proteins can be involved in CME [45].  



6 
 

 

Figure 1.3: BAR-like Protein in Clathrin-Mediated Endocytosis. A subset of important 

proteins involved in clathrin-mediated endocytosis. A. Unbounded receptor in the plasma 

membrane. B. The ligand binds to the receptor and initiates signaling for endocytosis. C. 

Clathrin binds to the membrane around the receptor. D. BAR domain protein like Carom 

may be recruited by clathrin and adaptor proteins causing the membrane to bud inwards. 

E. Dynamin is recruited by Carom to cause secession of the matured clathrin-coated pit. F. 

Clathrin coating is removed from the new formed early endosome which is then trafficked 

to either the nucleus, recycled to the membrane, or degraded via lysosome. 

 

 

 



7 
 

1.2.3 Translational Importance of CME 

CME is a primary factor in internalizing receptors for signal transduction events and 

nutrient import, as well as the reformation of synaptic vesicles. An example of a vitally 

important nutrient taken up by CME is low-density lipid (LDL) receptor, which takes LDL 

out form blood circulation. Perturbations in signaling along the CME pathway does lead to 

several human diseases such as cancers, neurodegenerative diseases, diabetes mellitus, and 

cardiovascular disease. As such, it has been a heavily researched topic in peer-reviewed 

journals. PubMed returns over 100,000 papers when searching for endocytosis and over 

6000 papers when narrowing to include clathrin.  

1.3 The F-BAR protein Carom (FCHSD2) 

Carom, also known as FCHSD2, is part of the F-BAR family of proteins and was first 

identified as a novel partner that interacts with Membrane-Associated Guanylate Kinase 

Inverted (MAGI-1) and Calcium/Calmodulin-Dependent Serine Protein Kinase (CASK) 

[46]. MAGI-1 is localized at tight junctions in polarized epithelial cells, whereas CASK is 

localized along the lateral membranes. Carom contains the F-BAR domain along with a 

coiled-coiled and 2 src homology 3 (SH3) domains, PDZ binding motif, and a proline-rich 

C-terminus (Fig 1.4). Carom is highly homologous to the Drosophila synaptic adaptor 

protein Nervous wreck (Nwk) which is expressed in neurons and localizes to the periactive 

zone of synaptic boutons [47]. Carom has been seen to be elevated in canine[48] and rat 

hearts[49] when treated with elevated levels of Met, in Alzheimer’s patients along with a 

decrease in folate cycle genes[50], and its promoter region demethylated in spina bifida 

patients[51].  
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Figure 1.4: MAGI1 and CASK Competitively Bind to Carom. CASK and MAGI1 were 

identified as Carom binding proteins by using two-hybrid and Affinity Capture-Western in 

Madine Darby canine kidney (MDCK) cells. Carom binds to the PDZ domain 4 of MAGI-

1 and the Camk domain of CASK. Adapted from Liu et al., 2016. 

 

1.3.1 Carom is a Hcy Responsive Gene 

Our lab has identified Carom as an induced gene in response to Hcy treatment via 

differential display assay in cultured human endothelial cells (EC). Elevated levels of 

mRNA were verified through both Northern Blot and Real-Time PCR in response to Hcy 

treatment. Protein expression in response to Hcy treatment was verified with Western Blot 

using lab-generated rabbit anti-Carom antibody. Protein and mRNA levels were increased 

by roughly 2-fold (Fig 1.5). An in vivo mouse model was created by Dr. Kruger’s lab at 

the Fox Chase Cancer Center by introducing a transgene of human cystathionine β-

synthase (CBS) under a zinc-inducible metallothionein promoter in CBS-/- mice. At 

fourteen weeks these mice had elevated plasma Hcy levels ranging from 50-100 μM with 

control littermates averaging less than 10 μM. Protein levels from ECs isolated in these 

mice show that Carom increased 1.5-fold.  
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Figure 1.5: Hcy Induces Carom Expression in Cultured Human Endothelial Cells. A. 

Carom mRNA level in Hcy-treated HUVECs. B. Carom protein expression level in Hcy-

treated HAECs. Data from Xinyu Xiong Ph.D. Thesis 2014. 

 

1.3.2 Carom is Involved in Hcy Inhibition of Angiogenesis 

Angiogenesis primarily requires three functions of ECs to perform: proliferation, 

migration, and tube formation. Previous work in the lab has assayed these functions in ECs 

using adenovirus transduction of Carom or silencing with shRNA. Hcy treatments did 

ubiquitously inhibit proliferation, migration, and tube formation. For proliferation, 

thymidine uptake assays were taken at varying multiplicity of infections (MOI) and Carom 

did not decrease proliferation or rescue Hcy-suppressed proliferation. Migration assay was 

done by scratching a monolayer of EC and measuring the closure of the ‘wound’. Carom 

did significantly inhibit migration and shCarom partially rescued Hcy-suppressed 

migration. Tube formation was accessed via a 2-D tube formation with the number and 

average length of branches. Carom decreased both tube length and branch number, with 

shCarom nearly fully rescuing Hcy-decreased tube length and branch number. 
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1.3.3 Carom is Involved in CME 

Our lab’s molecular modeling study proposed that Carom is involved in clathrin-mediated 

endocytosis of membrane receptors and recruits adapter proteins via its SH3 domain during 

vesicle formation [52, 53]. Almeida-Souza et al., 2018 showed in HeLa cells that Carom 

is recruited to the endocytic pits via binding to intersectin along its SH3 domain [54]. After 

binding Carom then activates actin polymerization to promote pit maturation. Xiao et al, 

2018 demonstrated that phosphorylation of Carom activates its regulation of EGFR 

endocytic trafficking [55]. This study though used oncogenic ERK1/2 signaling for the 

phosphorylation of Carom and thus demonstrated this CME regulatory aspect of Carom in 

a selection of cancer cells, with normal cells collected from the same patient not showing 

an effect of ERK1/2 on CME.  

1.4 Key Knowledge Gaps 

Carom is a novel protein with only a handful of papers and no published experimental 

evidence in animal models. Our lab has established that Carom is a response gene to HHcy, 

an independent risk factor for CVD. It has also been established that HHcy induces EC 

injury and dysfunction. Our lab has performed in vitro studies showing that overexpressing 

Carom inhibits HAEC migration and tube formation, and sh-Carom rescues Hcy induced 

HAEC migration and tube formation. However, the exact mechanism of action remains 

unresolved.  

We have reported via data mining studies that one potential mechanism of action for Carom 

is through CME and its recruitment of adapter proteins via SH3 domain binding  [52, 53]. 

Recently it was confirmed that Carom is involved in clathrin-mediated endocytosis in 

several tumor cell lines but not the mechanism [54, 55].   
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1.5 Hypothesis of Thesis 

The purpose of this study is to build towards a model of studying Carom and its 

involvement in HHcy induced inhibition of EC migration/tube formation through CME. 

We believe that Carom-dependent CME is determined by F-BAR-domain-determined 

membrane association and Sh3 domain-determined partner association. We, therefore, 

hypothesize that Carom’s domains control its subcellular localization (Aim 1) and that 

Carom enhances VEGFR2’s endocytosis and trafficking to the lysosome for degradation 

(Aim 2). See Fig 1.6.   
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Figure 1.6: Specific Aims. Aim 1 is the subcellular localization and domain 

characterization of Carom. Carom may be localized to several cellular compartments 

depending on signaling and partner-protein binding along the functional domains of 

Carom. Aim 2 is Carom’s enhancement of VEGFR2’s endocytosis and trafficking to the 

lysosome for degradation. Dashed lines are hypothesized downstream effects.    
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 AAV Vector Creation 

All cloning except where specified are done using In-Fusion HD cloning kit (Invitrogen). 

Briefly, inserts include 15 nucleotides overlap with background vector on each end, 

incubated with a master mix, and then transformed in Stellar competent cells. Backbone 

vector was modified from AAV_NLS-SaCas9-NLS-VPR [56]. The sacas9 construct was 

removed using Sac1 and Flag3x (template from pX330-U6-Chimeric_BB-CBh-hSpCas9 

[57]), DYKDHDGDYKDHDIDYKDDDDK, inserted with a BamH1 cut site in-frame on 

the C-terminus of Flag3x. The gRNA scaffold was removed using Kpn1 and Not1, with 

the overlaps of the backbone blunted using Quick BluntingTM and Quick LigationTM Kit 

(NEB).  The plasmid will be referenced as AAV-Flag3x. T2A self-cleavage sequence from 

pcDNA3.1-dCas9-MQ1-EGFP [58] and reporter protein mClover3 from pKanCMV-

mClover3-mRuby3 [59] were cloned in-frame with Flag3x retaining the BamH1 cut site. 

This plasmid will be referenced as AAV-Flag3x-mClover3. All Carom constructs are PCR 

from the pShuttle-Carom construct created previously in the lab by Xinyu Xiong and 

cloned into this BamH1 site. The wild-type full-length Carom is cloned without mClover3 

and named AAV-Flag3x-Carom and in frame with the T2A cleavage/mClover3 reporter as 

AAV-Flag3x-Carom-T2A-mClover3. Domain truncations of Carom were performed by 

selectively PCR truncated sequences of Carom and cloning into the Flag3x-mClover3 

construct. The final plasmid sequences were verified using Genewiz sequencing services. 

pX330-U6-Chimeric_BB-CBh-hSpCas9 was a kind gift from Feng Zhang (Addgene 

plasmid # 42230). AAV_NLS-SaCas9-NLS-VPR was a generous gift from George Church 
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(Addgene plasmid # 68496). pKanCMV-mClover3-mRuby3 was a kind gift from Michael 

Lin (Addgene plasmid # 74252). pcDNA3.1-dCas9-MQ1(WT)-EGFP was a helpful gift 

from Margaret Goodell (Addgene plasmid # 89633) 

2.2 Primers Used 

The insertion of Flag3x and Carom were done as single inserts. The mClover3 construct 

required a portion of the C-terminus to be reverted to a non-fused form described in the 

originating paper so an extension oligo was made and dimerized in H2O. All mutation 

Carom constructs were inserted alongside the T2A peptide as 2 simultaneous inserts. 

Truncation primers as follows: M1 (303-740), M2 (416-740), M3 (554-740), M4 (1-331), 

M5 (1-423), M6 (1-550), M7(1-673), and M8 (1-737). All oligos were ordered through 

Integrated DNA Technologies, Inc (IDT). See Table 2.1. 

2.3 Vector Purification 

Maxi and mini-preps were used for purifying vectors. Mini-preps were started in 5ml of 

LB media from a single transformed colony, maxi-preps in 300ml of LB media inoculated 

from glycerol stocks.  Media contains 100 μg/ml of Ampicillin and shaken overnight at 

37°C. Mini-preps were done using a modified Qiagen protocol without a column. Briefly, 

cells are pelleted then suspended in P1 buffer, lysed with P2, and neutralized with P3. 

Debris and proteins separated by centrifugation and resultant vector solution precipitated 

by adding isopropanol (IPA) to make 60% total volume IPA. Maxi-preps were performed 

according to the manufacturer’s instructions (Qiagen). Final vector solutions were eluted 

in DNase-free water and stored at -80°C until use.   
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Table 2.1: List of primers. Sequences are displayed 5’ to 3’.  

Name Direction Sequence (5’ to 3’) 

Flag 
  

Fwd 5’-GGT CTA TAT AAG CAG AGC TCG CTA GCC CGG TGC 
CAC CAT GGA CTA T 

Rev 5’-CGA GGC TGA TCA GCG AGC TCG GAT CCG GCC ATC 
TTA TCG TCA TCG TC 

mClover 

Fwd 5’-TAA GAT GGC CGG ATC CGT GTC TAA GGG CGA GGA 
GCT 

Ext 5’-ATT ACA CAT GGC ATG GAC GAG CTG TAC AAG TAA 
TAG TCT AGA GAT CCG AGC TCG CTG 

Rev 5’-CAT GCC ATG TGT AAT CCC GGC GGC GGT CAC GAA 
CT 

Carom 
Fwd 5’-TAA GAT GGC CGG ATC CCA GCC GCC GCC GAG GA 
Rev 5’-CAG CGA GCT CGG ATC TCT AGA CTA TTA CAC CAG 

TGT GAT TTC CAC ATC TTC AAT 
Carom-
T2A-
mClover  

Fwd 5’-TAA GAT GGC CGG ATC CCA GCC GCC GCC GAG GA 
Rev 5’-ACT TCC TCT GCC CTC CAC CAG TGT GAT TTC CAC 

ATC TTC AAT CTT CTC TG 

M1 

Fwd 5’-TAA GAT GGC CGG ATC CCC TTG TGA CAG TGA TAC 
TAG CCG ACA G 

Rev 5’-ACT TCC TCT GCC CTC CAC CAG TGT GAT TTC CAC 
ATC TTC AAT CTT CTC TG 

M2 

Fwd 5’-TAA GAT GGC CGG ATC CGA ACT GGA AAA TGA GCG 
ATG GGC C 

Rev 5’-ACT TCC TCT GCC CTC CAC CAG TGT GAT TTC CAC 
ATC TTC AAT CTT CTC TG 

M3 

Fwd 5’-TAA GAT GGC CGG ATC CGA CAG TCG GTC ACA CAC 
GTC C 

Rev 5’-ACT TCC TCT GCC CTC CAC CAG TGT GAT TTC CAC 
ATC TTC AAT CTT CTC TG 

M4 
Fwd 5’-TAA GAT GGC CGG ATC CCA GCC GCC GCC GAG GA 
Rev 5’-ACT TCC TCT GCC CTC CTG TCG GCT AGT ATC ACT 

GTC ACA AGG 

M5 
Fwd 5’-TAA GAT GGC CGG ATC CCA GCC GCC GCC GAG GA 
Rev 5’-ACT TCC TCT GCC CTC GGC CCA TCG CTC ATT TTC 

CAG TT 

M6 
Fwd 5’-TAA GAT GGC CGG ATC CCA GCC GCC GCC GAG GA 
Rev 5’-ACT TCC TCT GCC CTC GGA CGT GTG TGA CCG ACT GT 

M7 
Fwd 5’-TAA GAT GGC CGG ATC CCA GCC GCC GCC GAG GA 
Rev 5’-ACT TCC TCT GCC CTC CCT CTT ATC TGG GCT GGG 

GTA GG 

M8 
Fwd 5’-TAA GAT GGC CGG ATC CCA GCC GCC GCC GAG GA 
Rev 5’-ACT TCC TCT GCC CTC GAT TTC CAC ATC TTC AAT CTT 

CTC TGC TGG C 
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2.4 Antibodies 

Carom is a novel protein and thus a robust commercial antibody is not available. The lab 

previously generated anti-Carom in rabbits. This antibody was raised against a.a. 21-230 

(labeled CaromAg) which is part of the F-BAR domain. Briefly, CaromAg was inserted 

into pGEX-6P2 (GE Healthcare Life Sciences), expressed in E. coli BL21, purified with 

GST pulldown, injected into two rabbits, and antisera collected. One rabbit’s antisera, 

when titrated against HUVEC whole cell protein, showed a band representing Carom and 

used as the anti-Carom antibody. Commercial antibodies were purchased for anti-Flag M2 

(Sigma F1804), early endosome anti-EEA1 (ab70521), lysosome anti-LAMP1 (ab25630), 

late endosome anti-RAB7 (ab50533), mitochondria anti-COX IV (ab33985), endoplasmic 

reticulum anti-PDI (ab2792), and Golgi anti-58K (ab27043).  

2.5 Cell Culture 

Human umbilical vein endothelial cells (HUVECs) (Clonetics, Walkersville, MD) were 

grown in M199 media (Hyclone) supplemented with 20% Fetal Bovine Serum (Hyclone), 

50 μg/ml endothelial cell growth supplement (Collaborative Biomedical), 50 μg/ml heparin 

(Sigma), and Antibiotic-Antimycotic (ThermoFisher). HEK 293a cells (ATCC) were 

grown in high glucose DMEM (Hyclone) supplemented with 10% Fetal Bovine Serum and 

Antibiotic-Antimycotic for normal passaging and solely supplemented with 10% Bovine 

Calf Serum (Hyclone) sans Antibiotic-Antimycotic for transfection/transductions. All cells 

were grown at standard conditions of 37°C with 5% CO2 and split at 75-80% confluency.  
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2.6 Immunocytochemistry 

Cells are plated on 8μ-well plates (Ibidi) precoated with collagen type 1 from rat tail 

(Corning). The coating was done by diluting collagen 1:70 and glacial acetic acid 1:700 in 

PBS, incubating at 37°C for five hours then washed with PBS and stored in the dark. At 

selected times post treatments, cells are washed with ice-cold PBS then incubated with 

freshly made ice-cold 4% paraformaldehyde for 10 minutes. Free aldehydes are quenched 

with 3 M glycine for 10 minutes. Cells are permeabilized with 0.5% Triton-X in PBS for 

10 minutes and then blocked with 5% BSA for 1 hour at 4°C. Primary antibodies are diluted 

in 2.5% BSA and incubated overnight at 4°C. Cells are washed and then incubated with 

Alexa conjugated secondary antibodies for an hour at 37°C. DAPI is added for 5 minutes 

at 1:2000 dilution in PBS from a 5 mg/ml working solution. An anti-oxidant volume stable 

mounting media (Ibidi) is added at a 1:1 dilution with PBS as an antifade and then imaged 

on a Leica SP8 confocal microscope. 

2.7 AAV Packaging 

HEK 293a cells were cultured in 20 x 15 cm dishes coated with 0.2% gelatin at 30-40% 

coverage and incubated overnight. A triple co-transfection AdV-Helper free system was 

used, with pRC (AAV2 capsid) and pHelper from Takara co-transfected with AAV vectors 

at a 1:1:1 by weight ratio. Any non-fluorescent constructs were packed alongside a 

fluorescent reporter to verify transfection efficiency at 24 hours. At 72 to 96-hour post-

transfection cells were lifted with 0.5 M EDTA and pelleted at 4000 x g for 10 minutes. 

Pellets were suspended in lysis buffer (NaCl, Tris) and 10% chloroform then rocked for 30 

minutes. Debris was pelleted, and the supernatant collected. The crude virus containing 

supernatant was brought to 10% and incubated for 30 minutes at 4°C to precipitate AAV 
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virions. The virus was pelleted and suspended in PBS then concentrated using a 100k 

MWCO column spin filter. Final concentrated virus was stored in PBS with 0.01% F-86 

(ThermoFisher) at -80°C. Infectious unit titer for each packaging was calculated using 

HEK 293a cells.  

2.8 Calcium Phosphate Transfection 

HBS 2X (40mM HEPES, 10mM Glucose, 10mM KCl, 270mM NaCl, 1.5mM Na2HPO4, 

pH 7.05) is prewarmed to 37°C. For a 10 cm dish, 5 μg of plasmid DNA is added to 50 μl 

of freshly made 2.5 M CaCl and brought to 250 μl with sterile water. This was added 

dropwise to 250 μl of HBS 2X buffer with gentle vortexing, then allowed to sit for 10 

minutes. The complex was checked for precipitates and then added dropwise to cultured 

cells. Amounts were proportionally adjusted per cell growth surface area for smaller and 

larger plates.  

2.9 AAV Transduction 

Cultured cells at 70% confluency had their media replaced with the minimal amount of 

antibiotic-free medium and set amount of virus. Plates were gentled rocked over 30 minutes 

for viral adsorption and then the inoculum media was washed from cells with PBS and 

fresh media added. Transduced cells were incubated for a further 1-3 days then samples 

collected.   

2.10 Protein Extraction and Western Blot Analysis 

Cells were transfected/transduced then harvested at select time points for analysis. Cells 

were lifted with Trypsin-EDTA and washed three times with ice-cold PBS. The cell pellet 

was then suspended in lysis buffer (50 mM Tris at pH 8.0, 120 mM NaCl and 0.5% NP-

40) containing protease inhibitor cocktail tablet (Roche) for 30 minutes at 4°C. Cell debris 
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was pelleted, and the supernatant collected. Protein was solubilized in sample buffer (0.1 

M Tris-Cl, 2% SDS, 1% glycerol, 0.1% bromophenol blue, and 100 mM DTT), boiled for 

10 minutes and loaded in SDS polyacrylamide gel. Proteins were separated by gel 

electrophoresis and transferred onto PVDF membranes. Blots were stained with 1% 

Ponceau S for loading controls. Then blots were blocked with 5% nonfat milk in TBST 

(TBS + 0.1% Tween) for 1 hr at room temperature and probed with primary antibody 

overnight or longer time at 4°C. Blots were then washed three times with TBST for 10 min. 

LiCor 680/800 conjugated anti-mouse or rabbit or goat secondary antibodies were 

incubated for 1 hr at room temperature. Blots were washed three times with TBST and then 

two final washes in PBS. The antigen-antibody complexes were detected by LI-COR 

Odyssey ver3.0. Densities were calculated with ImageJ (NIH). 

2.11 Flow Cytometry Analysis 

Transfection/transduction efficiency was calculated using Flow Cytometry. Cells were 

transfected/transduced in 24-well plates and at select time points harvested for analysis. 

All spins were done at 500 x g for 10 minutes. The cells were washed with PBS and then 

lifted with Trypsin-EDTA. Cells were pelleted and then incubated with ice-cold 4% 

paraformaldehyde made fresh for 10 minutes. Cells were pelleted again and suspended in 

PBS with 1% FBS. A total of 5*104 events were recorded. Cells were gated for whole cells 

according to forward scatter (FSC) and side scatter (SSC). The mClover+ proportion of the 

gated cells was measured.  

2.12 Endocytosis Assay 

HUVECs are plated in 10 cm dishes. NHS-SS-Biotin 0.2 mg/ml is added to each plate. 

This will biotinylate only surface proteins. VEGF 50 ng/ml is added to trigger VEGF 
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signaling for 30 minutes. There is a cleavage spacer in the arm that allows 2-

mercaptoethanesulfonic acid sodium salt (MESNa) to cleave biotin. MESNa 20nM is 

added for 15 minutes and rocked at 4°C, then neutralized with Iodoacetamide (20 nM) at 

room temperature for 10 minutes. Cells were immediately lysed with RIPA, retaining some 

protein as input sample for immunoprecipitation. The same amount of protein is added to 

50 μl of streptavidin magnetic beads. Wash beads with TBST twice. Add sample buffer 

(0.1 M Tris-Cl, 2% SDS, 1% glycerol, 0.1% bromophenol blue, and 100 mM DTT) and 

boil the beads. Load equal volume from IP and an equal amount of protein for input loading 

control.  

2.13 Alkaline Dephosphorylation Assay 

Protein from whole cell lysate (15 μg) was brought up to 15 μl and treated with 0.5 μl of 

Alkaline Phosphatase (Sigma) corresponding to 66 units for 10 minutes. The sample was 

then loaded with sample buffer as previously described along with untreated lysate and 

separated by gel electrophoresis as previously described.  
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CHAPTER 3 

RESULTS 

3.1 Modeling 

Carom’s homolog Nervous wreck (Nwk) is a Drosophila synaptic adaptor protein that is 

expressed in neurons and localizes to the periactive zone of synaptic boutons[47]. Nwk and 

Carom have an F-BAR domain, 2 SH3 domains, and several PXXP motifs. Blast analysis 

shows 41% identity between the F-BAR domains and 56% and 54% homology with the 

SH3 domains, respectively. E score values were all below a 1e-20 cutoff showing very 

strong homology between Drosophila Nwk and human Carom. Carom is also expressed in 

mice with 96% identity versus human Carom. No crystal structure has been solved yet for 

Nwk or Carom. Single particle cryo-electron microscopy has modeled the structure of Nwk 

bound and unbound to a membrane (Fig 3.1 a). Nwk makes a homodimer that binds in 

reverse orientation along the F-BAR domain. PHYRE2 was used to theoretically model 

Carom using both homologies with known crystal structures and ab initio modeling by 

POING[60] (Fig 3.1 b). The PBD file from PHYRE2 was then visualized in Chimera and 

domains colorized for clarity[61]. The SH3 domains covering one end of F-BAR, 

effectively covering the binding regions of F-BAR when dimerized, creates an inhibitory 

effect on Nwk[62]. This is reflected in the modeling data for Carom.  
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Figure 3.1: Structural Model of Carom. A. Cryo-electron microscopy model for Nwk 

made by Stanishneva-Konovalova et al. 2016. Imaged is the reconstructed model for 

membrane unbounded homodimer. The two Nwk proteins are bounded in reverse 

orientation along the F-BAR domain. Solid portion represents the domains, F-BAR, SH3a, 

and SH3b. One can see that the SH3 domains are covering the concave portion of the F-

BAR domain. B. Model of Carom solved by PHYRE2 and visualized with Chimera. The 

orientation of the SH3 domains compared to the F-BAR/CC domains reflects the same 

confirmation as Nwk’s structure when unbounded to a membrane.  Poly-Pro is a PXXP 

binding motif.  
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3.2 Endogenous Carom Immunocytochemistry 

Previous work in the lab tried to use several commercial antibodies for Carom that were 

unsuccessful in labeling Carom in ICC. The lab generated anti-Carom purified by Xinyu 

Xiong was used well for western blots but was not tested in ICC yet. HUVEC P6 cells were 

plated as described in 8u-well plates and labeled with Rabbit anti-Carom and secondary 

with Alexa 555. Cells were imaged with a Leica SP8 confocal microscope and a 63X Oil 

objective. Stacks were taken with a 0.5 airy unit pinhole and deconvolved with Huygens 

professional. There is clear speckling in the nuclei and grouping in the cytoplasm that 

mimics mitochondria.  

 

 

Figure 3.2: ICC of Endogenous Carom in HUVEC. HUVEC P6 cells labeled for Carom. 

A. Single slice view of multiple cells, scale bar = 25 μm. B-C. Magnified view of a single 

cell, deconvolved and projected in the Z-axis, scale bar = 10 μm. Speckling can be seen in 

the nuclei and localization in the cytoplasm that mimics mitochondrial distribution. Imaged 

on Leica SP6, 63X oil objective and deconvolved with Huygens Professional.  
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3.3 Colocalization 

A selection of labels for several organelles were chosen to co-label with endogenous Carom 

in HUVECs. HUVEC P11 were cultured on 8u well plates (Ibidi) as previously described. 

Antibodies for mitochondria (COV IV), early endosome (EEA1), late endosome (RAB7), 

lysosome (LAMP1), ER (PDI), and Golgi (58k) were incubated overnight and then labeled 

with an Alex 647 secondary antibody. Carom was colored green and the specific organelle 

red, the overlap will be orange.  A low magnification view was selected at 20X (not shown) 

and then a single slice is taken at 63X oil. Three individual cells were chosen from the field 

of view and a stack was taken with 0.5 airy unit pinhole. The stacks were then deconvolved 

with Huygens Professional and exported to ImageJ for viewing. The mitochondrial stain 

showed good overlap with Carom. No other organelles overlapped with Carom.  

 

Figure 3.3: Colocalization of Carom with Select Cellular Organelles. (Following page) 

Endogenous Carom was labeled with anti-Carom in HUVECs P11 (green) and cellular 

organelles (red) and DAPI (blue). The left column is a 63x oil image showing several cells 

with labels overlaid. A representative cell is magnified, showing Carom alone (green), 

organelle alone (red), and the overlay. Colocalization of Carom and the organelle is shown 

as orange. COV IV = mitochondria, EEA1 = early endosome, RAB7 = late endosome, 

LAMP1 = lysosome, PDI = endoplasmic reticulum, 58K = Golgi. 



25 
 

 

 



26 
 

3.4 Develop Carom Expression Vector 

The original template plasmid AAV_NLS-SaCas9-NLS-VPR was used as a base since it 

contained convenient SacI cut sites to minimize space between CMV and the poly(A) 

signal. Cloning as done as described to create a minimal plasmid leaving ~4kb for 

packaging genes and be within AAV’s packaging limit (~5kb). Flag3x 

(DYKDHDGDYKDHDIDYKDDDDK) is used to tag the N-terminus of genes inserted in 

frame at the BamHI site. A cleavable 2A peptide from Thoseaasigna virus 

(EGRGSLLTCGDVEENPG|P) was chosen to make a multi-cistronic peptide that will be 

cleaved at the C-terminal G-P peptide bond. during translation [63]. The fluorescent protein 

mClover3 was chosen as a reporter [59]. This protein is a derivative of GFP, with 

modifications to optimize its use as a donor in a mClover3-mRuby3 Förster resonance 

energy transfer (FRET) pairing. FRET will be a planned assay for determining protein-

protein binding in live cells in future work.  

3.5 Carom Overexpression 

Protein overexpression of Carom was verified after cloning from the previous pShuttle-

Carom into the new pAAV-Flag3x plasmids engineered in this study. The fluorescent 

mClover3 is used as a reporter tag and Flag3x peptide on the N-terminus of all constructs. 

A cleavable 2A peptide from Thoseaasigna virus is used to make a multi-cistronic ORF. 

The 2A peptides cause a ribosomal skip when making the peptide bond between G-P on 

the C-terminus. 293a cells were transfected with the plasmids using calcium phosphate. 

Three days post transfection cells were lysed for a western blot, probing for Flag. The 

Flag3x-mClover3 had higher expression than the Carom containing constructs. The T2A 

cleavage was highly efficient in separating mClover3 from Carom. A truncated form of  
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Figure 3.4: Schematic of pAAV-Flag3x Vector. Modified from AAV_NLS-SaCas9-

NLS-VPR, with the SaCas9 and gRNA constructs remove. This leaves only CMV 

promotor, Flag3x, and a poly(A) signal between the AAV2 ITRs. All cloning is doing to 

the BamHI site in frame with Flag3x. Plasmid visualized using SnapGene free viewer. 
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T2A showed some fusion of mClover3 to Carom verifying the fused construct running at 

lower mobility than cleaved Carom. Two bands can be seen here and will be discussed 

later. 

 

 

Figure 3.5: Overexpression of Carom. Western blot of 293a cells transfected with Carom 

constructs. mClover3 has a higher level of expression. Carom, mClover3, and fused 

Carom-mClover3 bands are highlighted on the right. Probed with anti-Flag and imaged 

with LiCor Odyessy. Flag = empty flag vector, mC3 = mClover3, FL = full length Carom, 

FL-T2A = full length Carom with T2A-mClover3, T2A* = mutant T2A missing GP 

cleavage site.  

 

3.6 AAV Packaging 

To package AAV, HEK 293a cells were used. These cells have a stable expression of 

adenovirus E1 and are an adherent subpopulation of HEK 293 cells. A three-plasmid 

transfection packaging system that does not use a helper adenovirus is utilized. Two AAV 

plasmids from Takara are pHelper, containing required adenovirus proteins for packaging, 

and pRC, expressing the proteins Rep and Cap. Pseudotyping of AAV is done by pRC 

expressing Cap protein. The shuttling plasmid contains the AAV ITRs flanking desired 
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DNA up to 4.8kb. The three plasmids are transfected together using calcium phosphate as 

previously described to grow for three days before harvesting.  

Three methods were tested for packaging AAV in the lab: AAVpro solution, Biomega 

AAV2 columns, and PEG8000/(NH4)2SO4 two-phase solution. AAVpro extraction 

solution (Takara) is a simple 2 reagent extraction kit. Viral containing cells are pelleted 

and then suspended in an extraction solution. Debris is then pelleted out and stored with a 

second extraction solution. This worked well for small-scale growths to optimize 

transfection conditions in 6 well plates. Biomega’s AAV2 column works off a heparin 

binding column to catch follow formed AAV particles from solution. Virus-containing cell 

pellets are lysed using the traditional freeze-thaw and then treating the solution with 

DNase1 and RNaseA. The treated lysate is put through the column and then released with 

an elution buffer. The virus is then concentrated with a 100k MWCO centrifuge filter. The 

column has a quoted binding capacity of around 2 T-75s which is 1-2 15cm dishes. The 

purity of virus crudely was higher using the column as there was less cytopathology with 

a high concentration of viral inoculum (data not shown). The final method is using a two-

phase solution for purifying AAV virions. Extraction is the same as the column method. 

The lysed crude virus is precipitated by adding PEG8000 to make a final concentration of 

10% PEG8000. Chloroform is added to the supernatant in a 1:1 ration with AAV along 

with soluble proteins and nucleic acids (which should already be removed by 

DNase/RNase treatment in extraction) in the aqueous phase. This aqueous phase is treated 

with PEG8000/(NH4)2SO4, with AAV particles left in the bottom phase. The dilute virus 

prep is then concentration similarly as the column with a 100k MWCO centrifuge filter. 
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Column and two-phase purification from 2 x 15cm plates yielded roughly the same amount 

of virus and similar purity but with the two-phase method being easier to scale up. 
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Figure 3.6: AAV Packaging. Left is a representative image of 293a cells transduced with 

AAV2-Flag3x-mClover at high viral concentration. Scale bar = 100 μm. Right is a 

comparison the three extraction/purification strategies. 293a cells were transduced in a 96 

well plate and then three days post-transduction the number of mClover3 positive cells 

were counted per dilution and recorded as a percentage. The dashed line represented 50% 

mClover3+ cells and used to calculate infectious units/ml.  

 

3.7 HUVEC Transduction 

Transduction of AAV in HUVEC and HEK 293a cells were performed using AAV-Flag3x-

mClover3. The virus was packaged in HEK 293a cells as previously described from 2 x 15 

cm plates, concentrated to 200 μl, and stored at -80°C. HUVEC or HEK 293a cells were 

plated in 96 well plates at a 40% confluency. The following day 1 μl of the virus was added 

to 100 μl media as a starting point then 1:10 dilutions down to 1 x 108. Fluorescence of 

mClover3 was imaged at 3 days post-transduction. HEK 293a cells are more permissive to 

most forms of transfection/transductions including AAV. At 1 μl inoculum, there is some 
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cytopathic effect but 0.1 μl has >50% transduction. Primary EC varies 1:100 to 1:1000 

more gene copies depending on the purity of AAV prep. HUVEC P9 had ~20% 

transduction with 1ul of inoculum and <1% with 0.1 μl of inoculum.  

 

 

Figure 3.7: Transduction of HUVEC and 293a cells with AAV. Top micrographs are 

HUVEC passage 9 and bottom at 293a cells. The left column is 1 μl of inoculum and middle 

is 0.1 μl of inoculum. Right column have no virus added. Images were taken at 3 days post-

transduction, green is mClover3 and overlaid with differential interference contrast (DIC).  

 

3.8 Carom Domain Truncations Construction 

We set up a strategy for truncating Carom from the C-terminus and the N-terminus. From 

the N-terminus, we cut off the BAR domain (303-740), CC (416-740), and SH3a (554-

740). The proline-rich (PR) and final 3 a.a. (TLV) alone is planned but difficulties in 

performing the PCR of the fragment. From the C-terminus, we cut off TLV (1-737), PR 

(1-673), SH3b (1-550), SH3a (1-423), and CC (1-303). TLV and PR are known binding 
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regions for MAGI and CASK in MDCK cells which will be a positive control for co-IP to 

determine binding partners of Carom.  

 

3.9 Carom Domain Truncation Expression 

The molecular weight of each truncation was calculated using the protein molecular weight 

calculator from the Sequence Manipulation Suite (Fig 3.9 a) [64]. Carom truncations were 

then transfected into 293a cells as described and lysate extracted 3 days post-transfection. 

A western blot was performed using 15ug of lysate and probed with anti-Flag (Fig 3.9 b). 

Transfection or translation efficiency is much higher in the mClover3 plasmid causing the 

  

 

Figure 3.8: Schematic for Domain Truncations of Carom. Listed domains included in 

each construct with a truncation name. FL = full length, M1-3 truncate from N-terminus, 

M4-8 truncate from C-terminus.  = F-BAR,  = CC,  = SH3a,  = SH3b, PR 

= proline rich. 
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lane to be overexposed. Each construct that maintained Carom’s C-terminus has two bands, 

one running at the calculated weight and one ~6kDa larger (FL, M1, M2, M3, M8). M5 

has a faint band ~40 kDa heavier than the predicted band which corresponds to partial 

inefficiency of cleavage along the T2A peptide.  

 

 

Figure 3.9: Expression of Carom Truncations. A. Expected sizes for each truncation 

was calculated using a molecular weight calculator through the sequence manipulation 

suite. B. Western blot probed against the N-terminal Flag-tag on each construct. Arrows 

point to the expected size band in each lane. Constructs with the poly-proline rich C-

terminus region contain slower moving band, represented with an asterisk (*), seen in FL, 

FL*, M1, M2, M3, M8 lanes. Constructs: Flag = empty flag, mC3 = mClover3, FL = full 

length Carom, FL* = full length Carom with cleavable mClover3, M1 = FLΔF-BAR, M2 

= FLΔF-BAR/CC, M3 = FLΔF-BAR/CC/Sh3a, M4 = F-BAR, M5 = F-BAR/CC, M6 = F-

BAR/CC/Sh3a, M7 = FLΔPR/TLV, M8 = FLΔTLV.  
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3.10 Dephosphorylation 

Phosphorylation is the most common post-translational modification of proteins. This will 

occur on serine, threonine, and less commonly tyrosine side chains. Excessive 

phosphorylation can change the mobility of proteins in gel electrophoresis. Carom contains 

two known phosphoserine sites (S675 and S681) discovered in screening tumors [65]. 

These sites are within the region of Carom that when included adds a slower moving band. 

Alkaline phosphatase is a potent dephosphorylation of serine and threonine residues. 

Lysates from the truncation transfections in 293a cells were treated with alkaline 

phosphatase and then run alongside untreated lysate (Fig 3.10). The mutations truncating 

from the C-terminus are not shown as they do not have the second band, but no change in 

mobility was seen. The N-terminus mutations (M1, M2, M3) and full length showed no 

change of mobility of either expected or upper band.  

 

 

Figure 3.10: Alkaline Phosphatase Treatment of ΔN-terminus Carom Mutants. 

Lysates from 293a cells transfected with Carom truncations were extracted at 3 days post-
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transfection. Lysates were then treated with alkaline phosphatase and separated by gel 

electrophoresis. Western blot was probed for the N-terminus Fag-tag. Both bands are still 

seen treated or untreated with no change in mobility. Ak Phosphatase = alkaline 

phosphatase, Constructs: Flag = empty flag, mC3 = mClover3, FL = full length Carom, 

FL* = full-length Carom with cleavable mClover3, M1 = FLΔF-BAR, M2 = FLΔF-

BAR/CC, M3 = FLΔF-BAR/CC/Sh3a. 

 

3.11 Carom BAR Domain Localization 

BAR domain family proteins dimerize and bind along the concave surface of the domain. 

Activate nuclear transport of large proteins requires interactions with nucleoporins, which 

are still poorly understood. There are localization signals for import (NLS) and export 

(NES). Classical NLS signals can be monopartite or bipartite. According to cNLS 

prediction mapper, there exists a bipartite NLS signal 24-KLQAKHQAECDLLEDMR 

TFSQKKAAIE-50 within the F-BAR domain [66]. In the endogenous expression of Carom 

in HUVECs, there is light speckling in the nucleus, but it is mostly excluded from the 

nucleus. Running the full-length Carom in a prediction software (DeepLoc-1.0), a machine 

learning method for localization of eukaryotic proteins [67], estimated 96% likelihood of 

cytoplasmic localization compared to 3% and 0.5% to the nucleus and cell membrane 

respectively. Running with just the F-BAR domain (M3), there was a 75% likelihood of 

nuclear localization with 24% and 8% to the cytoplasm and membrane, respectively. Select 

mutations of the Carom plasmids were transfected into 293a cells on 8-well chambered 

slides. At least 3 cells that expressed mClover3 were selected and imaged (Fig 3.11). The 

F-BAR domain isolated (M3) localized to the nucleus and the cell membrane. The full 
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length and selected mutants retaining Sh3b domain showed speckling in the cytoplasm and 

exclusion from the nucleus.  

 

Fig 3.11: ICC of select Carom truncations. (next page) HEK 293a cells were transfected 

with select truncations of Carom and control with mClover3. The truncated protein was 

visualized by labeling the N-terminus Flag with Alex 555 conjugated secondary antibody 

(red), using the mClover3 signal (green) as a transfection reporter, and DAPI for the 

nucleus (blue). A representative cell is shown. The left column is a z-projection of 

individual stacks through the cell and deconvolved with Huygens Professional. This will 

include the membrane/cytoplasm above and below the nucleus so a single slice including 

the nuclear region is presented, showing just the report mClover3, anti-Flag, and overlay.  
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3.12 Endocytosis of VEGFR2 

Carom’s effect on endocytosis of VEGFR2 was assayed via biotinylation. HUVECs were 

then treated with NHS-SS-Biotin, labeling the external proteins on the cell membrane. 

Biotin was removed by added MESNa as described earlier and IPed with streptavidin 

magnetic beads (Fig 3.12 c). It was seen that VEGFR2 is internalized by stimulation of 

cells with VEGF (Fig 3.12 a). The cells were transduced with either AdV-Ct (control) or 

AdV-Carom, showing that Carom overexpression increased the internalization compared 

to VEGF stimulation alone in AdV-Ct transduced cells (Fig 3.12 a).  To test whether this 

internalization is via clathrin-mediated endocytosis, the cells were also treated with an 

inhibitor of endocytosis, Monesin, and MitMAB. The endocytosis inhibitors decreased the 

internalized fraction of VEGFR2 (Fig 3.12 b). Work is done in collaboration with Jixiang 

Xia.  
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Figure 3.12: Endocytosis of VEGFR2 Facilitated by Carom in HUVEC. A. 

Internalization of VEGFR2 in response to VEGF stimuli and Carom overexpression via 

biotinylation assay. ECs are transduced with either AdV-Ct (control) or AdV-Carom and 

then treated with VEGF for 30 minutes. B.  Internalization of VEGFR2 is inhibited when 

using clathrin-mediated endocytosis inhibitors, Monesin and MitMAB. ECs are all 

transduced with AdV-Carom. C. Cartoon showing the biotinylation assay. Membrane 

proteins are first biotinylated. (i) Cells are then treated with a stimulate to promote 

endocytosis. (ii) Biotin on exposed membrane proteins is cleaved. (iii) Cells are washed 

then lysed, leaving only internalized proteins with biotin still attached. This lysate can then 

be IP with streptavidin beads to collect all proteins still biotinylated. All transductions were 

done with MOI 50.  
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CHAPTER 4 

DISCUSSION 

Carom is a homolog of the Drosophila synaptic adaptor protein, Nervous wreck (Nwk). 

Nwk localizes to the periactive zone of synaptic boutons and has been relatively well 

studied due to its role in synaptic function [47].  Nwk and FCHSD2 have an F-BAR 

domain, 2 SH3 domains, and several PXXP motifs. Blast analysis gives the F-BAR domain 

with an identity of 41% and the SH3 domains with 56% and 54%, respectively. E score 

values were all below a 1e-20 cutoff showing very strong homology between Drosophila 

Nwk and H.sap FCHSD2. Ab initio modeling using Poing folding in PHYRE2 and 

visualized with Chimera showed strong structural agreement to each other and published 

single particle cryo-electron microscopy reconstructions. Furthermore, published yeast 

two-hybrid screening suggests that Carom is also involved with actin remodeling and 

trafficking. BAR domains are typically involved in membrane binding with the cis 

elements (SH3, Proline-rich, PDZ binding regions) control signaling. The goal of this study 

will break down the domains of Carom and determine how they control localization and 

function.  

Endogenous immunocytochemistry of Carom in primary ECs showed nuclear speckling 

and clustered in the cytoplasm. Co-staining was done for mitochondria (COX IV), early 

endosome, late endosome, lysosome, Golgi (58k), and ER. Carom staining mimicked the 

mitochondria. Replacing Tween-20 for 0.25% Saponin revealed Carom labeling on the 

extracellular side of the plasma membrane on the surface attaching to the slide. This agrees 

distribution seen in MDCK (Madin-Darby Canine Kidney) cells by Ohno et al 2003, a line 
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used for modeling adherins junctions such as adhesion plaques to extracellular 

matrix/plates.  

Previous work from this lab cloned Carom into a pShuttle vector for integrating via 

homologous recombination into an adenovirus (AdV) backbone. As a reporter, GFP is 

under the IRES sequence downstream of Carom. There were several drawbacks to this 

approach. A robust Carom overexpression required upwards of 50-100 MOI which may be 

cytotoxic at these levels, burying biological phenotype with a viral response. Expression 

of GFP was muted in AdV-Carom transduction of HUVECs. In order to do mutagenesis, 

the pShuttle must be amended and then recombined back into the AdV backbone in a two-

step process for packaging. Also, the plasmid is not an expression plasmid so would require 

a different construct for doing transfections in more permissible cell lines. Lentivirus and 

Adeno-associated virus (AAV) was researched and AAV decided on. There is less of a 

toxicity issue with AAV, the packaging plasmid is an expression plasmid, and we switched 

the reporter system to fusing a fluorescent protein with a cleavable T2A peptide sequence. 

None of the planned constructs will exceed AAV’s packaging size (~4.8kb). Hang Xi 

previously tested AAV1-9 capsids for transduction of HUVECs, showing good 

transduction of GFP with AAV2/5/6 and we chose AAV2.  

Given the small packaging limitation of AAV, AAV_NLS-SaCas9-NLS-VPR was used to 

construct the plasmids as it contained convenient restriction sites to minimize extraneous 

base pairs. Three base plasmids were constructed; pAAV-Flag3x, pAAV-Flag3x-

mClover3, and pAAV-Flag3x-Carom. The empty Flag3x construct is used as a negative 

control for the effect of transfection/transduction and mClover3 as a protein producing 

control. The Carom construct will be as close to the endogenous Carom with the simple 
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addition of the Flag3x peptide on the N-terminus. The experimental Carom constructs were 

inserted into pAAV-Flag3x-mClover3 between Flag3x and mClover3, as well as the 

cleavage T2A peptide sequence on the C-terminus of the Carom construct. The control 

plasmids including the T2A peptide sequence showed good expression when transfected 

in HEK 293a cells and probed against Flag. The list of constructs along with listed in table 

3.1. Constructs including the BAR/CC domains had a marked decrease in expression as 

seen in FACS and ICC (data not shown). Western blot show bands corresponding with the 

expected sizes. The BAR-CC construct has a second band ~40kDa higher than expected, 

this corresponds to not complete cleavage of mClover3. The mutations show two bands 

when including the region between a.a. 673 and a.a. 737. Several possibilities on post-

translation modifications are being investigated: cleavage along the C-terminus, 

phosphorylation, and acetylation. There are two known serine phosphorylation sites (675 

and 681) but the treatment of cell lysates to alkaline phosphatase showed no change to the 

second bands.  

For packaging of AAV, HEK 293a cells were used from ATCC. Optimization of growth 

conditions were performed in 6-well plates and a crude AAVpro extraction solution. Three 

to four days with a molar ratio of 1:1:1 of pHelper:pRC:AAV had the highest titer of 

infectious units as measure by transduction of 96-well plates. Two methods of purification 

were tested for scaling up AAV production to make high enough titer to transduce 

HUVECs. First is column purification from Biomega using a heparin-binding column. 

Second is a two-phase solution method developed by Guo, P. et al., 2012 [68]. Briefly, the 

two-phase solution precipitated AAV with PEG8000, then clarifies protein by chloroform 

extraction, and finally separates the purified AAV from nucleic acids by 
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PEG8000:(NH4)2SO4. Both methods produced higher titer than the AAVpro solution but 

produced an equal amount of virus from 2 x 15cm dishes. The column has a limited loading 

capacity, so the two-phase solution will be used for larger scale production. AAV-

mClover3 was packaged in 20 15cm plates and transduction tested on 293a and HUVECs.  

Previous work in the lab concluded in two review papers and several mass specs that Carom 

may be involved in clathrin-mediated endocytosis and trafficking on endocytic targets to 

the lysosome for recycling [53-55]. It was seen that VEGFR2, a critical receptor signaling 

EC proliferation/migration and is internalized when activated, has its overall expression 

decreased in the presence of Hcy. When treated with VEGF, there is an increase in 

internalized VEGFR2, with a further increase in combination with transduction of Carom. 

This would be suggestive that Carom is increasing VEGFR2 internalization. Treatment of 

EC with endocytosis inhibitor drugs Monensin and MitMAB inhibited the internalization 

of VEGFR2 in response to VEGF. This would indicate VEGFR2 is being internalized via 

clathrin-mediated endocytosis.  

4.1 Conclusion  

The purpose of this study was to build towards a model of studying Carom and its 

involvement in HHcy induced inhibition of EC migration/tube formation through clathrin-

mediated endocytosis. Localization of endogenous Carom, we could not see Carom on the 

cell membrane or clathrin pits but that may be due to this being a transient interaction and 

with most of Carom being in the cytoplasm would require Total internal reflection 

fluorescence (TIRF) microscopy to isolate the membrane adjacent Carom. It is of interest 

to why the bulk of Carom is localization around the mitochondria.  
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While previous work has a working AdV-Carom, it was useful to transition to AAV to 

allow for ease in both transfection and transduction, in addition to ease of changing capsid 

types and promotors to move into animal overexpression models. This new AAV construct 

seemed to work well transducing HUVECs and made truncations removing the functional 

domains. There was some evidence to expect without the SH3 domains, Carom would 

localize to the membranes. Nuclear localization was a surprise. Mass spec data not shown 

did include some RNA interacting proteins binding to full-length Carom like ELAV1, 

which is linked to many diseases and cancer types [69].  

Previous work in the lab through data mining presented an argument that Carom is involved 

in clathrin-mediated endocytosis. With the recent work by Almeida-Souza, L., et al. 2018 

and Xiao, G.Y et al. 2018 experimental verified that Carom interacts with dynamin in the 

development of clathrin pits. In collaborative efforts with Jixiang Xia, we found VEGFR2 

is a target for endocytosis in HUVECs in response to Hcy treatment. Initial experiments 

suggested that with Carom overexpression, the endocytosis of VEGFR2 is increased. 

Downstream signaling for trafficking of the endocytosed VEGF2 may be recycled to the 

membrane or degraded via the lysosome. Potential partners of Carom from lab generated 

mass spec also included some escort proteins that target endosomes for lysosome 

processing.  

4.2 Future Directions 

Future work will look primarily at three pathways with Carom localization. We have some 

preliminary data that Carom’s F-BAR domain contains a bipartite nuclear localization 

signal and data mining that full-length Carom can interact with RNA binding proteins. 

Removing full-length Carom and transducing the F-BAR mutant (M4) in primary EC will 
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be done and compare biological phenotype (Tube formation, migration) and differential 

expression (RNAseq, Mass Spec). The involvement of Carom in tumor cell lines have been 

well established, but we will look at the localization within primary EC and establish an in 

vivo system by conditional knockouts of Carom in mice. Most of the endogenous Carom 

in primary EC appears localized to the mitochondria. Further work with the domain 

truncations needs to be done to see if there is a region that preferentially binds to the 

mitochondria and then pulldowns to find what mitochondrial partners Carom may be 

interacting with or mitochondria associated phenotype.  

The second goal of future work will be finding protein binding partners in our mass 

spectroscopy data, correlated with data mining, and verify the binding. Initially will 

perform co-IPs as previously done with CASK and MAGI. The Carom constructs are all 

tagged with mClover3 with the plan to use Förster resonance energy transfer (FRET). 

mClover3 is a derivative of mClover with mutations to drive its extinction coefficient down 

to be a more viable donor to mRuby3. mRuby3 is a red fluorescent protein with select 

mutations to increase its stability and brightness, classical problems with the majority of 

red acceptor proteins. FRET will allow us to tag Carom and a potential binding partner in 

live cells and detect when the proteins are close enough that they are likely binding to each 

other. We can also tag dynamin or clathrin with mRuby3 and watch Carom’s interaction in 

live cells while responding to various stimuli such as Hcy.  
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