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Abstract 

Organelle transport in eukaryotic cells is regulated by a precisely coordinated 

activity of phosphoinositide lipids, small GTPases, and molecular motors. Despite the 

extensive study of functional activities of individual regulators, how these activities 

promote precise deliveries of particular membrane proteins to specific cellular locations 

remained unclear. Ankyrin-B, which is previously well recognized as a plasma 

membrane adaptor that assembles diverse specialized plasma membrane domains, 

exhibited an unexpected role in intracellular transport. This thesis establishes ankyrin-B 

as a master integrator of the polarized long range organelle transport via direct 

interactions with Rab GTPase Activating Protein 1 Like (RabGAP1L), 

phosphatidylinositol 3-phosphate (PI3P) and dynactin 4. In Chapter 2, I identified an 

ankyrin-B death domain binding partner, RabGAP1L, that specifically interacts with 

ankyrin-B on intracellular organelles and requires ankyrin-B for its proper localization. 

In Chapter 3, I demonstrated that ankyrin-B is a PI3P-effector in mouse embryonic 

fibroblasts (MEFs) and promotes the polarized transport of associated organelles in 

migrating cells in a RabGAP1L-dependent manner. I continued to investigate what 

membranes/membrane-associated proteins utilize the ankyrin-B/RabGAP1L pathway in 

Chapter 4 and identified α5β1-integrin as a cargo whose polarized transport and 

recycling are ankyrin-B-dependent. I further presented that ankyrin-B, through 
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recruiting RabGAP1L to PI3P-positive/Rab22A-associated endosomes containing α5β1-

integrin, promotes polarized recycling of α5β1-integrin in migrating mouse embryonic 

fibroblasts. In collaboration with James Bear (UNC Chapel Hill), we further 

demonstrated that this ankyrin-B/RabGAP1L-mediated pathway is required for 

haptotaxis along fibronectin gradients. In Chapter 5, I elucidated the in vivo interaction 

between ankyrin-B and RabGAP1L. I demonstrated that ankyrin-B specifically interacts 

with RabGAP1L at long axon tracts in the brain and at costameres in the skeletal muscle. 

I also show the phenotypic analysis of ankyrin-B floxDD mice as an initial attempt to 

determine the physiological function of the ankyrin-B death domain in vivo. Together, 

this thesis dissects an ankyrin-B-mediated molecular mechanism for polarized 

endosomal trafficking and α5β1-integrin recycling during directional cell migration, and 

provides new insights into how phosphoinositide lipids, Rab GTPases, and molecular 

motor activities are coordinated to control the directional transport of specialized 

membrane cargos.
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Chapter 1. Background and Overview 

1.1 Endocytic recycling of plasma membrane and membrane 
receptors 

Plasma membranes of eukaryotic cells are now recognized to be in a dynamic 

state of flux due to sustained rapid internalization and recycling of endocytic membrane 

compartments. This dynamic nature of the plasma membrane was first observed by 

Ralph Steinman and his Rockefeller colleagues in 1976 through careful measurements of 

the kinetic and dimension of pinocytic vesicles. Steinman et al. concluded that a surface 

area equivalent to the bulk plasma membrane is internalized at a rate of every two hours 

in L-cells, and every 35 minutes in macrophages, which was much faster than the 

turnover rate of any known individual membrane proteins at that time (Steinman et al., 

1976). He further hypothesized that those internalized membranes undergo a recycle 

route back to the plasma membrane in the form of "tiny vesicles", which were later 

termed as endosomes.  

The initial finding by Steinman's et al. was soon validated by the discovery of 

membrane receptor-mediated endocytosis and the hypothesis of membrane recycling 

was further supported by a series of observations showing that the internalization rate 

and quantity of ligands far exceeds the total binding capacity of the surface and 

intracellular receptor pools (Wileman et al., 1984; Pearse and Bretscher, 1981; Wileman et 

al., 1985), suggesting that receptors recycle between the plasma membrane and 

intracellular compartments to allow the continuous ligand uptake.  
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Numerous studies in the past forty years had established membrane recycling as 

a fundamental property of nucleated cells, which is required for diverse cellular 

functions including cell migration (Caswell et al., 2009; Schiefermeier et al., 2011), 

cytokinesis (Boucrot and Kirchhausen, 2007), epithelial cell membrane biogenesis 

(Duffield et al., 2008), receptor signaling transduction (Murphy et al., 2009), and synaptic 

transmission (Saheki and De Camilli, 2012; Koch et al., 2012). 

 

1.2 Selective long-range organelle transport in polarized cells 

In contrast to non-polarized cells where most of the membrane/membrane 

receptor delivery and recycling activities occur uniformly on the entire surface of the 

plasma membrane, polarized cells exhibit prominent directional long-range transport of 

selected membrane organelles and protein complexes to specific sites on the plasma 

membrane, which allows for the establishment and/or maintenance of the cellular 

polarity to assure proper cellular functions.  

The development of live-imaging allowed the direct observation and evaluation 

of roles of microtubule motor proteins, kinesin and dynein in long range organelle 

transport (Allen et al., 1982; Brady et al., 1982) (Vale et al., 1985; Paschal et al, 1987). 

Subsequent studies on the transport machinery for different classes of organelles, 

including endosomes, mitochondria, lysosomes, and autophagosomes, suggested that 
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there are only subsets of each organelle that utilize a long-range transport route and the 

regulation of such transport activity is also compartment-specific (Maday et al., 2014).     

Perhaps the most recognized model of a polarized cell is the epithelial cell within 

the intact epithelium, which has a rigidly established basal-lateral membrane polarity. 

Polarized endocytosis, sorting and delivery of membrane and membrane receptors are 

crucial for the biogenesis as well as the maintenance of the distinct basal and lateral 

membrane structures (Duffield et al., 2008; Cao et al., 2012). However, the situation in a 

migrating cell, which is another key example of a highly polarized cell, is far more 

complex. Unlike intact epithelial cells, migrating cells exhibit transient polarity when 

they move forward and also require a high degree of flexibility to rapidly adjust their 

polarity in response to different extracellular cues (Schwab, 2001; Caswell  et al., 2009).   

Typically, when a cell migrates, it has a temporarily defined front and rear based 

on its migratory direction. Membranes are continuously added to the leading edge of the 

migrating cell and this dynamic flow is critical for the persistent cell motility. In 

common cases, specific proteins/protein complexes associated with membrane cargoes 

are also delivered to these sites. Among these proteins, newly synthesized proteins are 

preferentially delivered to the cell front via post-Golgi secretory vesicles, while 

endocytosed proteins are recycled to the cell front predominantly through endosomal 

vesicles (Maritzen et al., 2015). The concept of polarized membrane recycling in 

migrating cells was first developed by Mark Bretscher in 1983, when he found that 
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membrane receptors internalized from anywhere on the cell surface were recycled back 

to the leading edge of a migrating cell (Bretscher, 1983). His subsequent studies 

identified the polarized recycling property of the fibronectin receptor, α5β1-integrin 

(Bretscher et al., 1989), and other integrin heterodimers (Bretscher et al., 1992), which are 

cell adhesion molecules now well appreciated to be essential for focal adhesion, cell 

migration as well as cell-extracellular matrix (ECM) signal transduction. Following these 

initial discoveries, remarkable progresses had been made in the past thirty years in the 

identification of proteins and cargoes that undergo or drive polarized long distance 

transport during cell migration, including ion channels and transporters (Schwab, 2001), 

growth factors, Cdc family proteins (Osmani et al., 2010), protein kinases (Assaker et al., 

2010; Devreotes et al., 2015), small GTPases and their effectors (ten Klooster and Hordijk, 

2007), and Kif proteins (Hirokawa and Takemura, 2004).  

Another example is provided by a highly polarized neuronal cell, where 

organelles require a fast long distance transport machinery to traffic along an axon that 

extends far away from the cell body (soma). Long range transport of axonal cargoes has 

been shown to play critical roles in axonal growth, synapse formation and neuronal 

pathfinding (Hirokawa and Noda, 2008; Maday et al., 2014). More specifically, the 

anterograde fast axonal transport (mainly kinesin-dependent) delivers new components 

as well as energy supplies, such as mitochondria, to the growing/migrating end of the 

axon, and the retrograde transport (mainly dynein-dependent), transmits survival 



 

5 

signals and retrieves aged organelles back to the soma for degradation or recycling 

(Hirokawa et al., 2010). Moreover, additional regulatory mechanisms are involved in the 

stop-and-drop machinery, which assures the targeted delivery of specific 

proteins/compartments to designated zones along the axon (Maday et al., 2014). At the 

same time, cargo-specific sorting mechanisms, which remain largely unclear, also the 

direct polarized delivery of axonal and dendritic cargoes from the cell body to 

previously defined regions to establish as well as maintain the axon-dendritic polarity 

(Bentley and Banker, 2016).  

 

1.3 Regulation of endosomal trafficking through integration of 
Rab GTPases, phosphoinositide lipids, and molecular motors 

Following the initial discovery of membrane receptor endocytosis and recycling, 

subsequent studies of individually identified membrane receptors that undergo 

endocytic trafficking suggested the existence of complex molecular machinery that 

determines distinct routes for each selected pool of membrane receptors and their 

ligands (Brown and Goldstein, 1979; Stahl et al., 1980; Abrahamson and Rodewald, 1981; 

Carpenter and Cohen, 1976). The understanding of such complex machinery was greatly 

improved by discoveries and characterizations of individual regulators and pathways 

involved in global or protein/organelle-specific transport activities. Generically, these 

components can be grouped into three major systems: small GTPases, which are 

molecular switches that provide directionality to the transport, phosphoinositide lipids, 
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which determine the identity of vesicles, and molecular motors, which drive the motility 

of vesicles. At the same time, identification and characterization of  a multitude of 

effector proteins for Rab GTPases, phosphoinositide lipids, and dynein or kinesin motor 

complexes, added an even higher complexity to the spatiotemporal regulatory 

mechanism for cargo-specific trafficking events.   

Despite the remarkable progress in dissecting specific functions of a giant list of 

contributing factors as mentioned above, how these individual activities are coordinated 

to allow for a precise and selective directional organelle transport remained unclear. 

Therefore, a currently emerging challenge in this field is to determine the mechanism of 

the integration of all three system, which likely involves scaffolding proteins capable of  

interacting with components from two or more of these systems simultaneously to 

recruit and modulate activities of motors and signaling complexes at specific membrane 

sites. For example, the molecular scaffolds JNK interacting proteins 1 and 3 (JIP1 and 

JIP3) promote axonal transport through binding both protein kinases and the small G 

protein Arf6 on intracellular membranes and regulate kinesins directly and dynein 

indirectly through interaction with the dynactin complex (Fu et al., 2013). Another 

example is the kinesin motor Kif16B which, through direct binding of both PI3P lipids 

and the small G protein Rab14, promotes the transport of FGFR2-endosomes to the fast-

growing ends of microtubules during early embryonic development (Hoepfner et al., 

2005; Ueno et al., 2011). These encouraging findings start to build a new aspect of view 
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for the regulatory mechanism underlying the organelle transport. However, the whole 

picture of this mechanism remains largely unclear and thus requires extensive studies.  

 

1.4 New dynamic intracellular roles of ankyrin family of plasma 
membrane adaptors 

The ankyrin family proteins are well recognized as plasma membrane adaptors 

that stabilize protein complexes at specialized plasma membrane domains. There are 

three vertebrate Ankyrins: ankyrin-R, ankyrin-B, and ankyrin-G. Ankyrin-R is the first 

ankyrin protein that was discovered as the spectrin adaptor in erythrocytes (Bennett, 

1978; Bennett and Stenbuck, 1979; 1980). Unlike ankyrin-R, which is mainly expressed in 

erythrocytes, (Bennett, 1979; Bennett and Baines, 2001), ankyrin-B and ankyrin-G are 

broadly expressed in multiple tissues (Bennett and Lorenzo, 2013). Extensive studies of 

ankyrin-B/-G as well as their interacting partners have established ankyrins as functional 

coordinators at specialized plasma membrane domains of multiple cell types, including 

outer segments of rod photoreceptors, axon initial segments and nodes of Ranvier, 

sarcolemma of skeletal muscle and transverse tubules of cardiomyocytes (Figure 1, 

Bennett and Lorenzo, 2013). However, recent studies had revealed a number of 

unexpected dynamic and/or intracellular functions of ankyrin-G in epithelial cells and 

ankyrin-B in skeletal muscles, long axons, and adipocytes.  
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Figure 1: Spectrin-ankyrin-based plasma membrane domains 

(From Bennett and Lorenzo, 2013) 
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1.4.1 Ankyrin-G 

The first implication of the dynamic/intracellular function of ankyrin-G arose 

from the finding that 190 kDa ankyrin-G, together with its novel binding partner β2-

spectrin, is required for the biogenesis of the lateral membrane of human bronchial 

epithelial cells (Kizhatil et al., 2004; Kizhatil et al., 2007). Subsequent studies 

demonstrated that ankyrin-G and β2-spectrin form dynamic microdomains on the 

plasma membrane and protect membranes from clathrin-mediated endocytosis. 

Following knock-down of 190kDa ankyrin-G, MDCK cells exhibit a massive intracellular 

accumulation of plasma membrane lipids (Figure 2, Jenkins et al., 2015). Although 

ankyrin-G still functions primarily as a plasma membrane adaptor to establish an 

ankyrin-G/β2-spectrin network at the lateral membrane, in this case, these findings 

provided the first insight into the previously unappreciated function of ankyrin-G in 

dynamic cellular processes. Ankyrin-B, on the other hand, plays an opposite role, that is 

to promote, instead of inhibiting, clathrin-mediated endocytosis of Glut4 transporter in 

differentiated adipocytes (Lorenzo et al., 2015).     

A limited number of studies also implicated a role of ankyrin-G/βII-spectrin in 

mitosis. It was initially observed in 1981 that ankyrin analogs recognized by an antibody 

against pan ankyrins exhibited a concentrated localization to the spindle pole during 

metaphase and were redistributed to the cleavage furrow in later stages of mitosis 

(Bennett and Davis, 1981). Another possibly relevant finding is the one describing the 
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inhibitory effect of the actin- or ankyrin-binding domain of βII-spectrin that functions as 

a dominant negative fragment, on Caco-2 intestinal epithelial cells mitosis (Hu et al., 

1995). Recent preliminary work has further suggested the potential function of ankyrin-

G in cytokinesis. Specifically, the ankyrin-G knockdown MDCK cells failed to complete 

cytokinesis process within a few hours whereas control cells could complete mitosis 

within a few minutes (Tseng and He, unpublished data). However, the exact mechanism 

underlying these cell division deficits in ankyrin-G knockdown cells remains unknown. 

 

Figure 2: Ankyrin-G mediated protection from clathrin-dependent endocytosis 

(From Jenkins et al., 2015) 
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1.4.2 Ankyrin-B 

In contrast to ankyrin-G, multiple studies have provided direct evidence 

demonstrating crucial intracellular functions of ankyrin-B, especially 220 kDa ankyrin-B 

which is the major isoform expressed in multiple tissues.  

The first evidence implicating ankyrin-B's function in intracellular events was 

found in the study of ankyrin-B deficient skeletal muscle. Ankyrin-B functions as an 

adaptor that is required for sarcolemmal targeting of dystrophin and β-dystroglycan as 

well as a specialized class of microtubules in skeletal muscle in mice, while ankyrin-G is 

required for the costameral restriction of dystrophin and β-dystroglycan and 

sarcolemmal integrity. Moreover, β-dystroglycan accumulates in intracellular 

compartments outside of the golgin 97-positive trans-Golgi network in isolated muscle 

fibers with the knockdown of 220 kDa ankyrin-B. The role of ankyrin-B in the 

sarcolemmal targeting of dystrophin and β-dystroglycan raised a possibility that 

ankyrin-B may function in dynamic intracellular events, such as membrane sorting and 

transport. The finding of the direct interaction between ankyrin-B and dynactin 4, a 

subunit of motor adaptor dynactin complex, not only provided the mechanistic aspect of 

the phenotype in ankyrin-B deficient muscle (Ayalon et al, 2008; Ayalon et al., 2011) but 

also, more importantly, paved a road that led to the discovery of the function of ankyrin-

B in intracellular organelle transport.  
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The basis for intracellular localization of ankyrin-B was not understood until He 

et al. revealed that ankyrin-B is predominantly associated with intracellular vesicular 

structures in human bronchial epithelial cells due to a single exon divergence from 

ankyrin-G (He et al., 2013). The milestone finding was made by Damaris Lorenzo and 

her colleagues in 2014, who demonstrated the role of ankyrin-B in fast long-range axonal 

transport (Lorenzo et al., 2014). She found that the loss of long axon tracts in Ank2-/- mice 

was due to the impaired axonal transport of multiple organelles, which was completely 

different from the canonical view of ankyrin-B function. Moreover, this study revealed a 

direct as well as specific interaction between ankyrin-B and phosphatidylinositol 3-

phosphate lipids through its highly conserved basic residue patch on the Zu5C domain. 

Thus, ankyrin-B, through the interaction with PI3P and dynactin 4, serves as a core that 

links specialized membrane organelles to the microtubule-based motor/transport system 

(Ayalon et al., 2008; Figure 3, Lorenzo et al., 2014).  

Together, these findings revealed several unexpected roles of ankyrin family of 

plasma membrane adaptor proteins in dynamic intracellular events. Moreover, they 

provided the first insight into the molecular mechanism underlying the ankyrin-B-

mediated organelle transport and thus paved the road for the further study of the "non-

canonical" function of intracellular ankyrin-B.  
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Figure 3: Ankyrin-B promotes axonal transport via coupling PI3P-organelles to 

dynactin/motor complex 

(From Lorenzo et al., 2014) 
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Chapter 2. Ankyrin-B directly interacts with Rab-GTPase 
Activating Protein 1-Like 

2.1 Introduction 

As described above, components of Rab GTPase system, phosphoinositide lipids 

system, and motors system collaborate to regulate endosomal trafficking. Ankyrin-B, 

with its binding activities to both PI3P and dynactin, has emerged as a key element in 

the endosomal trafficking machinery. The third major system, Rab GTPases, determines 

endosomal identity and regulates trafficking through recruiting effector molecules and 

cycling between active (GTP-bound) and inactive (GDP-bound) states, which are 

antagonistically regulated by GDP/GTP exchange factors (RabGEFs) and GTPase 

activating proteins (RabGAPs) (Frasa et al., 2012). Therefore, we asked whether ankyrin-

B can interact with Rab GTPases or their effector proteins.  

Ankyrin-B is a multipartite protein with an N-terminal membrane-binding 

domain (MBD) containing twenty-four ankyrin repeats, a supermodule structure (Zu5N-

Zu5C-UPA domains) that binds β-spectrins, dynactin, and PI3P lipids, a death domain 

(DD), and an intrinsically unstructured C-terminal regulatory domain, which engages in 

intramolecular interactions (Wang et al., 2012; Bennett and Lorenzo, 2016) (Figure 4). 

Among these domains, only the death domain (named due to structural similarity to 

death domains of apoptosis-related proteins) has no known partners. Moreover, the 

ankyrin death domain (DD) is a highly conserved component of the Zu5-UPA-DD 

supramodule that also exists in proteins other than ankyrins, including Unc5 and PIDD. 
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While the death domain of Unc5 folds back to the Zu5 domain to perform an 

intramolecular autoinhibitory function and the death domain of PIDD binds to TRADD 

to form PIDDosome complexes, the function of ankyrin death domain remained 

unknown. Therefore, the death domain of ankyrin-B became a good candidate for the 

exploration of the ankyrin-B's potential in interacting with components of Rab GTPases 

system.  

Here we adopted a Yeast-Two-Hybrid Screen strategy to search for proteins that 

bind to ankyrin-B death domain. This screen had identified Rab GTPase Activating 

Protein 1-Like (RabGAP1L) as a specific interacting partner for ankyrin-B, which 

requires ankyrin-B for its proper localization to PI3P-positive organelles containing its 

substrate, Rab22A.  

 

2.2 Methods and Materials 

Yeast Two-Hybrid Assay 

The Y2H screen was performed using the Matchmaker Gold Yeast-Two-Hybrid 

System and the normalized universal mouse cDNA library (Clontech, Mountain View, 

CA). The screen was performed following the recommendations of the manufacturer. 

The GAL4 DNA-BD/bait construct was prepared by ligating a PCR fragment containing 

the ankyrin-B death domain (aa1485-1563, accession no. NM_020977.3) into the pGBKT7 

vector (Clontech). The yeast strain Y2HGold was maintained on YPD agar plates and on 
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SD –TRP (tryptophan) plates when transfected with the GAL4 DNA-BD/ankyrin-B DD 

bait construct. To confirm the expression of the bait and prey plasmids, cells were grown 

on SD-Leu/Trp plates. The library was transformed into the AH 109 yeast strain (Takara 

Bio Inc., Mountain View, CA). The Y2H screen was performed under high-stringency 

growth conditions as recommended by the manufacturer (-Leu, -Trp, and -Ade).  

Yeast cells co-expressing either ankyrin-B DD or ankyrin-G DD (bait) together with 

either the C-terminal sequence of RabGAP1L cloned in pGADT7, or the empty 

pGADT7vector (prey) were grown on plates lacking leucine, tryptophan, histidine, and 

adenine (-Leu, -Trp, -His, and -Ade) and supplemented with 125 ng/ml Aureobasidin A. 

Same conditions were used to assess interactions between ankyrin-B DD mutant baits 

and the RabGAP1L C-terminal domain.  

 

DNA constructs 

The mouse RabGAP1L cDNA sequence was subcloned into pENTER using the 

D-TOPO approach. mCherry- and GFP-tagged RabGAP1L derivatives were generated 

by LR recombination. The mouse Rab22A cDNA was subcloned into the SalI and BamHI 

sites of pEGFP-C1 to generate GFP-Rab22A. Then, the GFP sequence was removed and 

replaced by a 5’-AgeI- mMaple3- AccIII-3’AgeI fragment. MBP-RabGAPL1(1-335)-6xHis 

was generated by LR recombination between RabGAP1L (1-335)-pENTER and the 

pMAL-c4G-DEST vector. Similarly, pGBKT7-AnkB DD and pGBKT7-AnkG DD clones 
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were generated by LR recombination between AnkB DD-pENTER or AnkG DD-

pENTER and the pGBKT7-DEST vector. pGADT7-RabGAP1L (E507-L815) were 

generated by LR recombination between RabGAP1L (E507-L815)-pENTER and 

pGADT7-DEST vector. All mutations were introduced by site-directed mutagenesis.  

Generation of AnkB-2xHA, AnkB-mCherry clones have been described in 

Lorenzo et al., 2014 and E1537K AnkB-2XHA, E1537K AnkB-mCherry, KK783EE 

RabGAP1L-GFP were generated by site-directed mutagenesis (XL-Gold mutagenesis kit). 

Mouse lines and animal care 

All animal care and procedures were approved by the Institutional Animal Care 

and Use Committee of Duke University (protocol #A149-15-05). Ankyrin-B null (Ank2-/-) 

mice (Scotland et al., 1998) were generated by targeted disruption of the 

endogenous Ank2 gene by homologous recombination. In brief, a clone containing 17 kb 

of the Ank2 gene isolated from a 129SVJ genomic λ DNA library was modified to 

introduce a NotI site-flanked cassette containing a neomycin resistance gene, an in-

frame HA epitope, and a stop codon within an exon in the spectrin-binding domain of 

Ankyrin-B. Male C57BL/6 chimeras containing the targeting construct were crossed to 

C57BL/6 females to assure germline transmission. Heterozygous carriers (Ank2+/−) were 

maintained in a mixed 129SVJ/C57BL/6 genetic background and used to generate WT 

(Ank2+/+) and Ankyrin-B null mice (Ank2−/−) littermates. 

Mouse embryonic fibroblast culture 

http://jcb.rupress.org/content/207/6/735.full#ref-53


 

18 

Dorsal of postnatal day zero (PND0) Ank2−/−and WT neonates were initially 

stored in Hibernate A and washed with PBS twice. Tissues were cut into tiny pieces and 

incubated in 8 ml 1.5% trypsin + EDTA with 100µg/mL DNase at 37°C for 30 minutes. 

Then 15ml culture media (DMEM + 10% FBS + Pen-Strep + NEAA + Glutamax) were 

added. The mix filtered through 0.2µm filter were centrifuged for 5 minutes at 600xg 

and the pellet is resuspended in 1 ml culture media and plated on 10 cm culture plate 

with 9ml additional media. The passage of primary mouse embryonic fibroblasts is 

limited to 0-2 to preserve the primary property, as well as the elimination of diversities 

caused by the changes, may occur passage to passage.  

Transfection of mouse embryonic fibroblasts 

Primary fibroblasts were isolated from postnatal day zero (PND0) Ank2−/−and WT 

neonates and cultured as describe above. Passage one or two MEFs were electroporated 

with plasmids using an ECM 830 Square Wave Electroporation System830 (BTX, 

Harvard Apparatus, Holliston, MA) following the standard protocol recommended by 

the manufacturer. Briefly, cells were trypsinized with 0.25% Trypsin + EDTA and the 

pellet was washed twice with pre-warmed PBS. Then the cell pellet (usually containing 

1-2x106 cells) was resuspended in 100µl BTX electroporation solution and transferred 

into electroporation cuvettes. Cells were then electroporated with 250V, 200msecs, single 

pulse and transferred immediately into a 15ml conical tube with 2ml culture media. 200-

400µl of the media-cell mix was plated on fibronectin-precoated dishes. Cells were either 
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imaged live or fixed with 4% PFA 24-48 hours later for further examination. See below 

sections for details regarding plasmids and post-transfection experiments.   

Generation of an affinity-purified RabGAP1L antibody 

A His-MBP-RabGAP1L (residues 1-235) protein was purified from bacterial 

cultures by a two-step affinity purification protocol using nickel and amylose beads. 

MBP and His-tags were removed by subsequent treatment with precision protease and 

affinity chromatography using GST beads. Purified RabGAP1L peptides conjugated to 

chicken   ovalbumin were used as antigen for rabbit immunization. Following the initial 

antigen injection, three rabbits were immunized every three weeks and blood was 

collected one week after each immunization. Serum from third, fourth, and fifth bleed 

was pooled and stored in Blot buffer I (150mM NaCl, 1mM NaN3, 10mM phosphate 

buffer pH 7.4, 1mM EDTA, and 0.2% Tritonx-100) at -80°C before affinity purification. 

Serum was allowed to run through in-tandem ovalbumin-, MBP-, and antigen 

(RabGAP1L 1-235)-affinity columns.  1mL fractions of samples containing antibody were 

eluted with 4M MgCl2 and pooled for dialysis (150mM NaCl, 10mM phosphate buffer, 

1mM EDTA, 1mM NaN3, 50% glycerol). The final antibody was stored at -20°C. The 

specificity of the antibody was tested by western blot of antigen, cell lysate from 293 

cells expressing RabGAP1L-GFP, whole cell lysate of mouse embryonic fibroblasts and 

lysate from brain homogenates. 

Immunoprecipitation 
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Total protein homogenates from MEFs were prepared in PBS containing 150 mM 

NaCl, 0.32 M sucrose, 2 mM EDTA, 0.1% Triton X-100, 0.1% sodium deoxycholate, 0.1% 

SDS, and protease inhibitors (10 µg/ml AEBSF, 30 µg/ml benzamidine, 10 µg/ml 

pepstatin, and 10 µg/ml leupeptin; EMD Millipore, Billerica, MA). Samples were 

centrifuged at 100,000g for 30 min, and the supernatants were precleared with protein 

A/G Dynabeads (EMD Millipore) and subjected to immunoprecipitation using 

antibodies against AnkB, AnkG, RabGAP1L, or control IgG. Immunoprecipitation 

samples were resolved by SDS-PAGE and analyzed by western blotting. The western 

blot signal was detected using the LiCor Odyssey®  CLx imaging system.  

For co-immunoprecipitation experiments, 5 × 106 HEK293 cells were plated in 10-

cm dishes and transfected with 4 µg of each plasmid using Lipofectamine 2000 

(Invitrogen) according to the manufacturer’s instructions. Cells were harvested 72 h 

after transfection and lysed in 0.5% Triton X-100 in lysis buffer (10 mM sodium 

phosphate, 0.32 M sucrose, 2 mM EDTA, and protease inhibitors). Cell lysates were 

centrifuged at 100,000g for 30 min, and the soluble fraction was collected and pre-cleared 

by incubation with protein A/G Dynabeads. Co-immunoprecipitation experiments were 

performed using protein A/G Dynabeads and mouse anti-HA or rabbit anti-GFP 

antibodies. Immunoprecipitation samples were resolved by SDS-PAGE and analyzed by 

western blot as described in the previous paragraph.  

Proximity Ligation Assay 
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PLA was performed using the commercial Duolink kit (Sigma-Aldrich, St. Louis, 

MO) following the manufacturer’s recommendations. MEFs were fixed with 4% PFA for 

15 min and permeabilized with PBS + 0.2% Tritonx100 and washed three times with PBS 

before blocking with PBS + 4% BSA  + 0.5% Tween 20 overnight at 4℃. Then cells were 

incubated with primary antibody pairs (sheep-anti-ankyrin-B and Rabbit-anti-

RabGAP1L, sheep-anti-ankyrin-B and Rabbit-anti-β 2-spectrin, sheep IgG and Rabbit 

anti-RabGAP1L) in blocking solution overnight at 4℃. Mouse-anti-sheep/goat was 

used to label sheep primary antibodies (2 hours at room temperature). Duolink minus-

anti-rabbit and plus-anti-mouse probes were applied following the wash with PBS and 

the ligation was performed by incubating cells with ligation buffer + ligase at 37℃ for 1 

hour. Cells were washed with wash buffer A for 20 minutes and incubated in 

amplification buffer (Red) + polymerase for 2 hours. Cells were washed in wash buffer B 

for 20 minutes, 0.01 X wash buffer B for 5 minutes and mounted with Duolink mounting 

media + DAPI. The positive interaction signal was detected using Zeiss LSM 780 

inverted confocal microscope.  

Imaging and analysis of the localization of ankyrin-B in live MEFs 

Ank2−/− MEFs were co-transfected with plasmids encoding WT AnkB-mCherry and 

LAMP1-GFP, Rab5-RFP, Rab11-GFP, or TGN38-GFP. Mito-tracker green and ER-

marker-Alexa 488 were applied to cells expressing WT AnkB-mCherry to label 

mitochondria and ER. Cells were live imaged using a Zeiss LSM 780 inverted confocal 
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microscope equipped with temperature and CO2 controls (37℃, 5%). Co-localization of 

ankyrin-B with different organelle indicators were calculated by dividing the number of 

dual-positive vesicles by the total number of ankyrin-B-positive vesicles. 

Immunofluorescent assay for characterization of PI3P-positive organelles 

Cells were washed with room temperature PBS, fixed for 15 min at room temperature in 

a 4% paraformaldehyde solution in PBS, and permeabilized with 0.2% vol/vol Triton X-

100 in PBS for 10 min. Samples were then either blocked for 120 min at room 

temperature or overnight at 4°C in blocking buffer (4% BSA, 0.2% Tween-20 in PBS) and 

incubated overnight with primary antibodies in blocking buffer at 4°C. Cells were 

washed three times with PBS, incubated with fluorescent-labeled secondary antibody 

conjugates in blocking buffer at room temperature for 2 hours, washed three times with 

PBS, and mounted in Pro-Long Gold mounting media (Life Technologies). The following 

antibodies were used in this section: affinity-purified rabbit antibody against RabGAP1L 

(see the Generation of RabGAP1L antibody), affinity-purified sheep antibody against 

ankyrin-B, chicken anti-GFP, Alexa Fluor 488 or 568–conjugated donkey anti–sheep, 

anti–rabbit and anti-chicken. 

Live-Cell Imaging and Analysis 

Cells expressing fluorescently-tagged proteins were cultured on fibronectin-

coated MatTek dishes and imaged using a Zeiss LSM 780 inverted confocal microscope 

equipped with temperature and CO2 controls (37℃, 5%). Individual cells were selected 
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for either one-frame or time-lapse imaging (1 frame/2 seconds, 60 frames). Kymograph 

of motile vesicles was generated by a plugin feature in Image J software (Lorenzo et al., 

2014).  

Immunofluorescent staining 

Cells were washed with room temperature PBS, fixed for 15 min at room 

temperature in a 4% paraformaldehyde solution in PBS, and permeabilized with 0.2% 

vol/vol Triton X-100 in PBS for 10 min. Samples were then either blocked for 120 min at 

room temperature or overnight at 4°C in blocking buffer (4% BSA, 0.2% Tween-20 in 

PBS) and incubated overnight with primary antibodies in blocking buffer at 4°C. Cells 

were washed three times with PBS, incubated with fluorescent-labeled secondary 

antibody conjugates in blocking buffer at room temperature for 2 hours, washed three 

times with PBS, and mounted in Pro-Long Gold mounting media (Life Technologies).  

Following antibodies were used in this section: affinity-purified rabbit antibody 

against RabGAP1L (see the generation of RabGAP1L antibody), affinity-purified sheep 

antibody against ankyrin-B, chicken anti-GFP, Alexa Fluor 488 or 568–conjugated 

donkey anti–sheep, anti–rabbit and anti-chicken. 

shRNA-mediated knockdown of RabGAP1L and viability test 

     The PLKO-BFP-Tet-on vector was generated as described in He et al., 2013. The 

production of lentivirus with vectors inserted with the shRNA hairpin targeting mouse 

RabGAP1L and the subsequent  infection of cultured cells were performed following a 
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standard protocol (He et al., 2013). Luciferase control (5′ - 

GGAGATCGAATCTTAATGTGC - 3′) and mouse RabGAP1L (5′ - 

TGGAACAGGCTTGCAATATT - 3′) were used as hairpins. 2x104 cells were plated in 

MaTek plate and treated with 4 µg/ml Doxycycline the next day (Day1). Cells were 

transfected with shRNA-resistant RabGAP1L-mCherry rescue plasmids 8 hours later 

and the number of cells was counted every 24 hours. The growth curves of control 

shRNA and RabGAP1L shRNA cells were generated by counting cell number in 6 

independent wells for each group every 24 hours after the Doxycycline treatment. The 

survival rate was quantified by dividing the number of cells at Day 3 by the number of 

cells at Day 1. The survival rate of RabGAP1L-mCherry rescued cells was generated by 

dividing the number of mCherry-positive cells at Day 3 by the number of mCherry-

positive cells at Day 1 post-transfection.  

Quantification and statistical analysis 

The immunofluorescence colocalization analysis was performed using image J. 

Z-stack-generated 3D image analysis was performed in Volocity software (Perkin Elmer). 

Column statistics, student’s t-tests or one-way ANOVA with Tukey's posthoc tests were 

performed using GraphPad Prism6.   
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2.3 RESULTS 

2.3.1 Identification of RabGAP1L as a specific interacting partner for 
the ankyrin-B death domain 

As described above, the death domain is the only domain in ankyrins that has no 

identified binding partners. To unravel its function as well as to explore the possibility 

of ankyrin-B/Rab-GTPases-system interaction, I performed a yeast-two-hybrid (Y2H) 

screen with a normalized universal mouse cDNA library using the death domain of 

human ankyrin-B (AnkB DD) as a bait.  

 

 

Figure 4: Ankyrin family proteins domain organization 

(from Bennett and Lorenzo, 2016) 
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4.18x106 diploids in total were screened and 310 colonies were isolated by day 8 

of the first-round screen. Then 156 out of 310 colonies isolated from the first round 

screen were further validated. Subsequent sequencing of the PCR products from these 

individual clones identified a number of potential interacting partners for ankyrin-B 

death domain (Table 1). The most dominant candidate was Rab GTPase Activating 

Protein 1-Like (RabGAP1L), which recovered from ten individual clones, all sharing the 

last 65 C-terminal residues of RabGAP1L. To further validate as well as to test the 

specificity of these interactions, I performed a Y2H binding assay testing interactions of 

each candidate with AnkB DD, AnkG DD and AnkG trunc 270. Among them, 

RabGAP1L and protein phosphatase 1 regulatory subunit 42 (Ppp1r42) showed specific 

binding activities to ankyrin-B DD but not ankyrin-G DD (Table 1).  

Table 1: Yeast Two-Hybrid Screen Summary. 

Gene  
Independent 

colonies  

Specificity 

(does not interact 

with  

ankG DD)  

RAB GTPase activating protein 1-like (Rabgap1L) 10  (+)  

protein phosphatase 1, regulatory subunit 42 

(Ppp1r42)  
7   (+)  

ATPase, Na+/K+ transporting, beta 1 polypeptide 

(Atp1b1)  
6   (-)  

ATPase, Na+/K+ transporting, beta 3 polypeptide 

(Atp1b3)  
3   (-)  

N-glycanase 1 (Ngly1)  2   (-)  
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RabGAP1L belongs to the Tre2–Bub2–Cdc16 (TBC) domain-containing family of 

Rab-specific GTPase-activating proteins (TBC/RabGAPs) (Bernards et al., 2003; Fukuda 

et al., 2011) known to regulate intracellular membrane trafficking in multiple cellular 

contexts (Fuchs et al., 2007; Patino-Lopez et al., 2008; Haas et al., 2005). Specifically, 

RabGAP1L via a catalytic site (IxxDxxR arginine finger motif) on the TBC domain 

inactivates Rab22A by promoting its GDP-bound configuration (Pan et al., 2006; Frasa et 

al., 2012; Itoh et al., 2006; Kanno et al., 2010). In addition, RabGAP1L contains an N-

terminal phosphotyrosine-binding (PTB) domain and a kinesin-like domain of unknown 

function (Hidaka et al., 2000) (Figure 5B).  

To determine whether RabGAP1L and ankyrin-B interact in cells, I evaluated 

their co-immunoprecipitation (co-IP) from whole MEF lysates. Endogenous ankyrin-B 

and RabGAP1L co-IPed from whole cell lysates of WT MEF (Figure 5C top). 

Interestingly, as indicated in the Y2H binding test, full-length endogenous ankyrin-G 

did not co-IP with RabGAP1L from MEF lysates (Figure 5C bottom). Ankyrin-B, thus, 

either gained the ability to bind to RabGAP1L after the divergence of ankyrin-B and 

ankyrin-G proteins in early vertebrate evolution, or ankyrin-G lost this activity (Qu et al., 

2016). 
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2.3.2 Mapping of residues critical for the ankyrin-B/RabGAP1L 
interaction 

We next sought to identify ankyrin-B and RabGAP1L residues critical for their 

interaction, which could also serve as critical controls in cellular assays. The lack of 

association between RabGAP1L and ankyrin-G suggested that divergent sites in the 

sequences of ankyrin-B DD and ankyrin-G DD may mediate the ankyrin-B DD-

RabGAP1L interaction. Binding assays between RabGAP1L and ankyrin-B with alanine 

mutations in seven of its DD charged residues diverging from ankyrin-G’s DD (Figure 

5D) showed that the E1537A substitution significantly weakened the interaction with 

RabGAP1L, while the reverse-charge mutant E1537K blocked their association (Figure 

5E). The E1537 site, highly conserved among vertebrate ankyrin-B proteins, resides on 

the surface of the crystal structure of ankyrin-B DD (Figure 6A, 6C) (Qu et al., 2016).  

Within the ankyrin-B DD interacting portion of RabGAP1L, the highly conserved, 

positively charged residues 783KKLKK (Figure 6B) stood out as potential candidates 

responsible for the interaction with ankyrin-B DD. I found that reversing the charge of 

the surface exposed 783KK residues to EE (Figure 6D) abolished RabGAP1L binding to 

ankyrin-B. Co-immunoprecipitation of full-length WT, but not E1537K, AnkB-HA with 

WT RabGAP1L-GFP; as well as of WT, but not KK783EE, RabGAP1L-GFP with WT 

AnkB-HA (Figure 6E) corroborated that E1537 on ankyrin-B and KK783 on RabGAP1L 

are critical sites for this interaction (Qu et al., 2016). 
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Figure 5: Ankyrin-B specifically interacts with RabGAP1L. 

(A, B) Schematic representation of the domain organization of 220 kDa AnkB (A) and 93 

kDa RabGAP1L (B). (C) Co-immunoprecipitation (Co-IP) of endogenous AnkB and 

RabGAP1L (top), AnkG and RabGAP1L (bottom) from WT MEF lysates. (D) Sequence 

alignment of the death domains of human AnkR, AnkB, and AnkG. Red boxes indicate 

divergent charged residues between AnkB and AnkG death domains. The red asterisk 

denotes the E1537 AnkB residue required for RabGAP1L binding. (E) Y2H analysis of 

the interaction between mutant AnkB death domain (AnkB DD) and RabGAP1L TBC-C-

terminal domain (residues E507-L815). Binding test results of individual AnkB DD 

mutants were shown. 
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Figure 6: E1537 Ankyrin-B and KK783 RabGAP1L is the critical residues for the 

interaction. 

(A and B) Sequence alignment shows the conservation of E1537 AnkB (A) and KK783 

RabGAP1L (B) sites among multiple species. (C and D) Molecular surface representation 

of AnkB death domain (AnkB DD) and RabGAP1L TBC-C-terminal domain (TBC-Ct). 

Residues critical for interaction are highlighted by yellow circles. (E) Co-IP of WT AnkB-

HA and RabGAP1L-GFP (left), E1537K AnkB-HA and RabGAP1L-GFP (middle), and 

WT AnkB-HA and KK783EE RabGAP1L-GFP (right) from HEK293 cells expressing 

corresponding plasmids. 
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2.3.3 Ankyrin-B interacts with RabGAP1L on a subset of organelles 

To examine the cellular localization of endogenous ankyrin-B and RabGAP1L, I 

first performed  immunofluorescence in mouse embryonic fibroblasts (MEFs) using 

affinity-purified antibodies against ankyrin-B (Lorenzo et al., 2014) and RabGAP1L, 

which respectively recognize single polypeptides of 220 kDa and 93 kDa (Figure 7A).  

The result showed that both endogenous ankyrin-B and RabGAP1L localize to vesicular 

structures in the cytoplasm and that they co-localize on a subset of cytoplasmic 

organelles (Figure 7B). To further evaluate the association between endogenous ankyrin-

B and RabGAP1L in MEFs and to precisely identify cellular sites of the interaction, I 

performed a proximity ligation assay (PLA). PLA produces a positive signal when 

putative binding partners are within less than 40 nm of each other, the distance that 

allows the DNA labels of antibodies against these proteins to form double strands 

(Söderberg et al., 2006). Consistent with the Y2H and co-IP results, I observed a strong 

PLA labeling of cytoplasmic organelles in WT MEFs and a complete loss of interacting 

signal in Ank2-/- MEFs (Figure 7C) (Qu et al., 2016).  
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Figure 7: Ankyrin-B and RabGAP1L interact on a subset of organelles. 

(A) Immunoblot of whole cell lysates of WT and Ank2-/- MEFs using house made affinity 

purified antibodies against ankyrin-B and RabGAP1L. (B) Immunofluorescence staining 

of ankyrin-B (red) and RabGAP1L (green) in WT MEFs using the above antibodies. (C) 

Proximity ligation assay. Red dots indicate cellular sites of the interaction between 

ankyrin-B and RabGAP1L, blue shows nuclear staining by DAPI. 

 

 



 

33 

 To evaluate whether ankyrin-B co-transports with RabGAP1L, I assessed the 

dynamic localization of AnkB-mCherry and RabGAP1L-GFP proteins co-expressed in 

Ank2-/- MEFs by time-lapse video microscopy. Both WT AnkB-mCherry and WT 

RabGAP1L-GFP localized to vesicular structures with some overlap in live MEFs. 

Kymograph analysis confirmed that both proteins co-localize and co-transport on motile 

vesicles. In contrast, E1537K AnkB-mCherry, which does not bind RabGAP1L, still 

localized to vesicles, but no longer co-transported with WT RabGAP1L-GFP. 

Furthermore, the KK783EE RabGAP1L-GFP mutant that abrogated interaction with 

ankyrin-B still preserved the vesicular localization but eliminated the co-localization 

with WT AnkB-mCherry (Figure 8) (Qu et al., 2016).  



 

34 

 

Figure 8: Ankyrin-B and RabGAP1L co-transport on motile vesicles. 

(A) Representative images of Ank2-/- MEF expressing either WT AnkB-mCherry and WT 

RabGAP1L-GFP (left), E1537K AnkB-mCherry and WT RabGAP1L-GFP (center), or WT 

AnkB-mCherry and KK783EE RabGAP1L-GFP (right). Scale bar, 10µm. (B) Kymographs 

of WT AnkB-mCherry and RabGAP1L-GFP (top), WT AnkB-mCherry and KK783EE 

RabGAP1L-GFP (middle), and E1537K AnkB-mCherry and WT RabGAP1L-GFP (bottom) 

motion in Ank2-/- MEFs. White arrowheads indicate vesicles showing AnkB-mCherry 

and RabGAP1L co-transport. (C) (H) Quantification of the co-localization of either WT 

AnkB-mCherry with WT RabGAP1L-GFP, E1537K AnkB-mCherry with WT RabGAP1L-

GFP, or WT AnkB-mCherry with KK783EE RabGAP1L-GFP in Ank2-/- MEFs. Data 

represent mean ± SD from three independent experiments. ***p<0.001, one-way ANOVA 

with Tukey post-test. N=8. 
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2.3.4 Ankyrin-B is a PI3P effector in mouse embryonic fibroblasts and 
recruits RabGAP1L to PI3P-positive organelles 

To assess the cellular function of ankyrin-B/RabGAP1L interaction, I sought to 

reveal the identity of vesicles that are associated with ankyrin-B and RabGAP1L. 

Ankyrin-B harbors a highly conserved basic pocket within the second ZU5 (ZU5C) 

domain that specifically binds PI3P lipids, and is required for ankyrin-B’s association 

with axonal cargos (Figure 9A) (Wang et al., 2012; Lorenzo et al., 2014). Therefore, I 

examined if ankyrin-B also associates with organelles through PI3P lipids in MEFs. In 

this experiment, I labeled PI3P lipids with the GFP-tagged 2xFYVEEEA1, a well-

established PI3P biosensor (Schink et al., 2013). Live microscopy images revealed that 

over 70% of WT AnkB-mCherry positive vesicles detected in Ank2-/- MEFs were PI3P-

positive, and around 45% of PI3P-positive organelles were associated with WT AnkB-

mCherry (Figure 9B and 9C, 10C and 10E). In sharp contrast, mutant R1194A AnkB-

mCherry, which cannot bind PI3P lipids (Lorenzo et al., 2014), failed to localize to PI3P-

positive organelles and was instead diffusely distributed throughout the cytoplasm 

(Figure 9B and 9C) (Qu et al., 2016).  

To further determine the nature of ankyrin-B-positive structures in MEFs, I 

examined the localization pattern of WT AnkB-mCherry in Ank2−/− MEFs using live 

microscopy. Although WT AnkB-mCherry preferentially localized to Rab5-positive early 

endosomes, it also exhibited partial overlaps with Rab11-positive recycling endosomes, 

and LAMP1-positive lysosomes. Moreover, I also detected restricted association of 
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AnkB-mCherry with puncta at mitochondria ends. In contrast, I observed almost no 

localization of AnkB-mCherry to either Golgi or ER membranes (Figure 10A, 10C, and 

10E) (Qu et al., 2016).  

In a parallel study, I examined the association of PI3P lipids with multiple classes 

of organelles in fixed MEFs preparations using the GFP-2xFYVEEEA1 probe and 

antibodies against endogenous organelle-specific proteins (Schink et al., 2013; Niu et al., 

2013). As expected (Gillooly et al., 2000; Di Paolo et al., 2006), PI3P lipids were enriched 

in endosomal and lysosomal membranes, with a limited but detectable level in 

mitochondria membrane and none in Golgi or ER network (Figure 10B, 10D, and 10F). 

This independent study revealed that PI3P subcellular distribution pattern closely 

resembled the ankyrin-B’s localization in MEFs, supporting the above conclusion that 

they are functional partners on subsets of organelles (Figure 9B and 9C). 

 



 

37 

 

Figure 9: Ankyrin-B is a PI3P effector in MEFs. 

(A) Molecular surface representation of the ZU5N-ZU5C-UPA-DD. DD1320 is critical for 

binding to dynactin4 is pointed by a red arrow. Basic residues on the PI3P-binding 

surface are colored in yellow. The R1194 site critical for PI3P binding is circled and 

pointed in red. (B) Images show the localization of the PI3P biosensor GFP-2×FYVEEEA1 

to WT AnkB-mCherry vesicles in Ank2-/- MEFs. R1194A AnkB-mCherry was found 

diffusely distributed in the cytoplasm. Scale bar, 10µm. (C) Percentage of double 

mCherry and GFP-positive vesicles. Data represents mean ± SD for three independent 

experiments. ***p<0.001, two-tailed t-test. N=12. 
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Figure 10: Ankyrin-B and PI3P predominantly localize to endo-lysosomal 

compartments in MEF. 
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(A and C) Representative images of live Ank2
-/-

 MEFs showing the localization of WT 

AnkB-mCherry to different organelles (A) and Pearson's co-localization coefficient (C). 

Organelle markers used in this experiment: Rab5-GFP (early endosomes), LAMP1-GFP 

(lysosomes), Rab11-GFP (recycling endosomes), Mito-GFP (mitochondria), TGN38-GFP 

(Golgi). Scale bar, 10µm. (B and D) Representative images of fixed WT MEFs showing 

the localization of the PI3P biosensor GFP-2×FYVE
EEA1

 to different organelles (B) and 

Pearson's co-localization coefficient (D). Organelle identities detected by antibodies 

against endogenous proteins: EEA1(early endosomes), LAMP1 (lysosomes), Rab11 

(recycling endosomes), Mito-Track (mitochondria), golgin-97 (Golgi). Data represent 

mean ± SD from three independent experiments. N=16. Scale bar, 10µm. 

 

Spatiotemporal regulation of Rab-GTPases relies on properly targeted 

localization of their effectors. Therefore I asked whether the cellular localization of 

RabGAP1L is ankyrin-B-dependent. Interestingly, over 60% of RabGAP1L-mCherry 

vesicles detected in live imaging of WT MEFs were associated with PI3P-positive 

organelles marked by GFP-2xFYVEEEA1. Strikingly, less than 20% of RabGAP1L-mCherry 

localized to PI3P-positive compartments in Ank2-/- MEFs (Figure 11A and 11C). This 

result was further validated by the immunofluorescent staining of endogenous 

RabGAP1L in WT and Ank2-/- MEFs expressing PI3P indicator, GFP-2xFYVEEEA1 (Figure 

11B and 11D). Together, these results reveal that ankyrin-B is a PI3P effector that 

predominantly associates with endosomal compartments and recruits RabGAP1L to 

PI3P-positive organelles in MEFs (Qu et al., 2016).  
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Figure 11: Ankyrin-B is required for RabGAP1L localization to PI3P-organelles. 

(A and B) Representative image of live WT and Ank2-/- MEFs expressing RabGAP1L-

mCherry and GFP-2xFYVEEEA1 (A) and immunofluorescent staining of RabGAP1L in WT 

and Ank2-/- MEFs expressing GFP-2XFYVEEEA1 (B). Scale bar, 10µm. (C and D) 

Quantitative data showing the percentage of RabGAP1L-mCherry (C) and endogenous 

RabGAP1L (D) localization to 2XFYVEEEA1 labeled PI3P organelles. Data represent mean 

± SD for three independent experiments. ***p<0.001, two-tailed t-test. N=10-18.  
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2.3.5 Ankyrin-B is required for RabGAP1L to target its substrate, 
Rab22A 

RabGAP1L preferentially activates the GTPase activity of Rab22A (Itoh et al., 

2006). Rab22A is a vertebrate Rab GTPase closely related to Rab5 that localizes to early 

endosomes, where it interacts with the early endosomal antigen 1 (EEA1) and the Rab5 

guanine nucleotide exchange factor Rabex-5 (Kauppi et al., 2002; Zhu et al., 2009). 

Interestingly, Rab22A facilitates the formation of a specialized subset of early 

endosomes and is implicated in endocytosis as well as recycling of both clathrin-

dependent and clathrin-independent cargos (Holloway et al., 2013; Maldonado-Baez et 

al., 2013; Weigert et al., 2004). Therefore, I evaluated whether the recruitment of 

RabGAP1L to Rab22A-positive organelles depends on ankyrin-B. While in WT MEFs, 

40% to 60% of GFP-Rab22A-positive vesicles contained RabGAP1L-mCherry, this co-

localization value reduced to less than 15% in Ank2-/- MEFs (Figure 12A and 12D). This 

result was further validated by immunofluorescent staining of endogenous RabGAP1L 

in WT and Ank2-/- MEFs expressing GFP-Rab22A (Figure 12B and 12E) (Qu et al., 2016).   

Inactivation of membrane-associated Rab GTPases ensures their rapid 

dissociations from bound vesicles, which is critical for the transition between endosomal 

compartments during endosomal trafficking (Frasa et al., 2012). Therefore, I speculated 

that ankyrin-B, via the recruitment of RabGAP1L to PI3P-positive organelles, might 

promote inactivation of Rab22A and its subsequent dissociation from early endosomes. 

In line with previous reports of Rab22A association with early endosomes (Kauppi et al., 
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2002; Zhu et al., 2009), I found that in WT MEFs over 40% of Rab22A localized to PI3P-

enriched membranes (Figure 12C and 12F). Remarkably, loss of ankyrin-B expression 

not only abrogated localization of RabGAP1L to Rab22A-positive organelles (Figure 12B 

and 12E) but also resulted in an increased association of Rab22A with PI3P-positive 

compartments, especially within the perinuclear region (Figure 12C and 12F). Thus, 

these data indicate that ankyrin-B promotes dissociation of Rab22A from PI3P-enriched 

organelles through the recruitment of RabGAP1L (Qu et al., 2016).  
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Figure 12: Ankyrin-B is required for RabGAP1L targeting to Rab22A. 
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(A and B) Representative image of live WT and Ank2-/- MEFs expressing RabGAP1L-

mCherry and GFP-Rab22A (A) and immunofluorescent staining of RabGAP1L in WT 

and Ank2-/- MEFs expressing GFP-Rab22A (B). (C) Representative image of live WT and 

Ank2-/- MEFs expressing mCherry-Rab22A and GFP-2XFYVEEEA1. Scale bar, 10µm. (D 

and E) Quantitative data showing the percentage of RabGAP1L-mCherry (D) and 

endogenous RabGAP1L (E) that localize to GFP-Rab22A associated organelles. (F) 

Quantitative data showing the percentage of mCherry-Rab22A that localize to GFP-

2XFYVEEEA1 labeled PI3P-positive organelles. Data represent mean ± SD for three 

independent experiments. ***p<0.001, two-tailed t-test. N=10, 11. 

 

 

2.3.6 RabGAP1L and its GAP activity are required for cell survival 

To assess the cellular function of RabGAP1L and its GAP activity, I generated 

shRNA-mediated RabGAP1L knockdown cells. Interestingly, cells with the knockdown 

of RabGAP1L exhibited altered morphologies, global defects in cell growth and 

adhesion, and increased cell death rates. These deficits can be rescued with 

simultaneous expression of shRNA-resistant WT RabGAP1L-mCherry but not the GAP-

deficient R584A RabGAP1L-mCherry that abolishes the IxxDxxR arginine finger motif 

(Pan et al., 2006; Frasa et al., 2012) (Figure 13) (Qu et al., 2016). These results suggest that 

RabGAP1L plays important roles in cell survival through its GAP activity and possibly 

through its uncharacterized PTB domain and kinesin-like domain as well (Figure 5B). 

Functions of RabGAP1L in multiple cellular events may involve its interaction with 

different protein partners, which worth further investigations in the future.   
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Figure 13: RabGAP1L and its GAP activity are critical for cell survival. 

(A) RabGAP1L immunoblot of whole cell lysates from RabGAP1L shRNA knockdown 

or control cells at Day0 and Day1 post-treatment with Doxycycline. (B) Representative 

images of control MEFs, RabGAP1L knockdown MEFs, RabGAP1L knockdown MEFs 

rescued with WT or GAP-deficient R584A RabGAP1L. (C) Growth curve of control and 

RabGAP1L knockdown MEFs. (D) The survival rate of control MEFs, RabGAP1L 

knockdown MEFs, RabGAP1L knockdown MEFs rescued with WT or GAP-deficient 

R584A RabGAP1L. The survival is scored as indicated in the graph. Scale bar, 10µm. 

Data represent mean ± SD from three independent experiments, N=19. 
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2.4 DISCUSSION 

In this chapter, I demonstrate that ankyrin-B regulates RabGAP1L cellular 

localization via direct interactions with RabGAP1L and PI3P lipids on a subset of 

organelles in mouse embryonic fibroblasts. The newly discovered ankyrin-B/RabGAP1L 

interaction added a critical piece to the understanding of ankyrin-B-mediated transport 

pathway.   

From the evolutionary point of view, the ankyrin-B/RabGAP1L-based pathway 

likely first appeared in jawed vertebrates over 400 million years ago as a result of 

neofunctionalization of duplicated genes. Human ankyrin-B, RabGAP1L, and Rab22A 

all have homologous in ghost sharks and zebrafish with a high level of sequence 

similarity, including nearly complete conservation of their ankyrin-B/RabGAP1L 

binding sites (E1537 of ankyrin-B and KK783 of RabGAP1L). However, these residues 

are highly divergent in the closest homologs of Drosophila melanogaster and C. elegans. 

Human ankyrin-B and its highly-related paralogue ankyrin-G exhibit over 70% sequence 

conservation, with only a few localized regions of divergence. One highly divergent site 

between these two ankyrins is an unstructured linker peptide connecting the MBD and 

the first ZU5 domain, which through intramolecular inhibition, prevents interactions 

between ankyrin-B and membrane partners (He et al., 2013). Here, I identify an 

additional divergent site within the death domain of the two ankyrins that allows 

ankyrin-B, but not ankyrin-G, to bind to RabGAP1L. Ankyrin-B, likely gained 
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RabGAP1L-binding activity after the divergence of ankyrin-B and ankyrin-G proteins in 

early vertebrate evolution, although, alternatively, ankyrin-G may have lost this 

function. Similarly, RabGAP1L differs from its paralogue RabGAP1 primarily in the C-

terminal residues required to bind ankyrin-B, suggesting that vertebrates, either through 

gene neofunctionalization or partition, developed a mechanism involving this 

interaction to perform functions with higher complexity that require additional 

regulations.     

A functional prediction, based on the recent evolution of the ankyrin-

B/RabGAP1L-mediated pathway as discussed above, is that it will engage a subset of 

specialized cargoes with functional distinct roles in vertebrate physiology. In support of 

this idea, Rab22A, the substrate of ankyrin-B/RabGAP1L pathway identified in this 

study, participates in recycling of other specialized cargoes, including the Menkes 

copper transporter, the epidermal growth factor receptor (EGFR), and the major 

histocompatibility complex class I (Holloway et al., 2013; Maldonado-Baez et al., 2013; 

Weigert et al., 2004). Interestingly, Rab22A shares 70% sequence identity with 

Rab22B/Rab31, also implicated in the endosomal transport of specialized cargoes such as 

EGFR and the p75 neurotrophin receptor (Baeza-Raja et al., 2012; Chua and Tang, 2014). 

It will be of interest to determine whether Rab22B is a RabGAP1L substrate and whether 

it also depends on ankyrin-B for its inactivation. Likewise, it will be important to 
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identify the full complement of membrane-associated proteins engaged by the ankyrin-

B/RabGAP1L pathway.   

The lethal phenotype of RabGAP1L knockdown cells suggests that the GTP 

regulating activity of RabGAP1L is critical for multiple cellular events, highly likely 

including endosomal trafficking, cytokinesis, cell adhesion, and cell death. Rab21 

provides a similar example and is required for endocytic trafficking as well as cell 

adhesion and cytokinesis (Pellinen et al., 2006; Pellinen et al., 2008; Mai et al., 2011). The 

difference between phenotypes of RabGAP1L knockdown and ankyrin-B null cells 

implies that ankyrin-B-mediated targeting of RabGAP1L defines a specialized function 

of RabGAP1L, which is precisely distinguished from others. Thus, the next major 

question is what is the role of this ankyrin-B-defined RabGAP1L function in organelle 

transport.  
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Chapter 3. Ankyrin-B directs polarized transport of 
selected endosomal organelles 

3.1 Introduction 

Phosphoinositide lipids, in collaboration with Rab/Arf GTPases and their 

effectors, play essential roles in determining the endosomal identity and promoting 

endosomal transport. Although it was well recognized that PI3P is  enriched in early 

endosomes, recent studies had reported that there are a limited but detectable amounts 

of PI3P on the membranes of lysosomes, autophagosomes, and mitochondria (Balla, 

2013 ). The result in chapter 2 also corroborated these observations.  

PI3P can be generated through the phosphorylation of PI lipids by PI3-kinases. 

While class 1 PI3-kinase is the most well recognized PI3-kinase that mediates PI3K-Akt 

pathway, which is critical for protein synthesis, cell proliferation, and cell survival, 

ankyrin-B associates with PI3Ps primarily derived from the class 3 PI3 kinase 

(Vps34/PIKC3) (Lorenzo et al., 2014; Bennett and Lorenzo, 2016). Other examples of 

effectors for PIKC3-derived PI3Ps include FYCO1 and EEA1. Both of them have been 

reported to be critical regulators for endosomal sorting and trafficking (Pankiv et al., 

2010; Mills et al., 2001), further implicating a potentially important role of ankyrin-B in 

endosomal transport.  

Directional long-range organelle transport is essential for many cellular events in 

various cell types, especially in highly polarized cells such as migrating fibroblasts and 

neurons. As mentioned above, ankyrin-B promotes fast long-range axonal transport of 
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multiple organelles via coupling dynactin to PI3P lipids on organelle membranes 

(Lorenzo et al., 2014) and ankyrin-B also associates with PI3P-positive structures in 

mouse embryonic fibroblasts (Figure 9). Therefore it was intriguing to study the 

potential role of ankyrin-B in polarized organelle transport in migrating fibroblasts. 

Here I first examined the requirement of dynactin interaction for the motility of ankyrin-

B-positive vesicles in MEFs and then utilized a photoconversion-based assay in 

combination with wound-induced migration assay to assess the transport polarity of 

ankyrin-B-associated vesicles in migrating fibroblasts. These experiments reveal an 

ankyrin-B/RabGAP1L-mediated mechanism for polarized transport of selected 

endosomal organelles to the leading front of migrating MEFs.  

 

3.2 Methods and Materials 

Characterization of organelle morphology and microtubule cytoskeleton in WT and 

Ank2−/− MEFs 

For live imaging, WT and Ank2−/− MEFs were either transfected with LAMP1-GFP, 

Rab5-RFP, Rab11-GFP, TGN38-GFP, EB1-GFP, or GFP-2xFYVEEEA1 or incubated with 

mitotracker-Red to evaluate the overall motility of different organelles. For 

immunostaining, WT and Ank2−/− MEFs were fixed with 4% PFA and 

immunofluorescently labeled to visualize different organelles and microtubule 

cytoskeleton (anti-Rab5, anti-Rab11, anti-LAMP1 and anti-golgin 97, tubulin/phalloidin).   
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Live imaging and analysis of the transport of ankyrin-B-positive vesicles 

Ank2−/− MEFs were transfected with plasmids encoding WT or DD1320AA AnkB-

mCherry and cultured on fibronectin-coated MatTek dishes for 48 hours before being 

imaged using a Zeiss LSM 780 inverted confocal microscope equipped with temperature 

and CO2 controls (37℃, 5%). Individual cells were selected for time-lapse imaging (1 

frame/2 seconds, 60 frames, 120 seconds total). Tracks of individual vesicles were 

generated using the manual tracker function of ImageJ. Velocity (µm) = 

displacement/time and Persistence = displacement/total distance.  

Plasmid cloning  

The pN1-DEST-mMaple3 vector used as a backbone for the mMaple3-tagged 

clones was generated from the pN1-DEST-mCherry vector. In brief, the AgeI-MfeI 

mCherry sequence was replaced with a 5’-AgeI-mMaple3-MfeI-3’ fragment (cloned from 

Zyxin-mMaple3, a generous gift from Xiaowei Zhuang, Harvard University, MA). 

AnkB-mMaple3 clones were then generated by LR recombination (Invitrogen, Carlsbad, 

CA) of either AnkB-pENTER or E1537K AnkB-pENTER with pN1-DEST-mMaple3. 

DD1320AA AnkB-mCherry and delDD AnkB-mCherry constructs were generated by 

site-directed mutagenesis.  

mMaple3-based photoconversion assay and analysis  

Ank2−/− MEFs were transfected with plasmids encoding WT or E1537K AnkB-

mMaple3 and plated on fibronectin-coated MatTek dishes with a silicone insert. Inserts 
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were removed 48 hours post-plating to allow cell migration towards the exposed region. 

Migrating cells at the edges of the dish were selected for photoconversion and imaged 

by time-lapse video microscopy. In brief, the perinuclear region of an mMaple3-

expressing cell was stimulated with blue light (λ= 405nm) to convert mMaple3 particles 

from green to red fluorescence. The photoconverted cell was continuously imaged for 16 

minutes (1frame/15 seconds, 64 frames). Fluorescent intensities (FI) of red and green 

particles within the perinuclear region were determined using the Volocity software 

(Perkin Elmers, Waltham, MA). Retrograde transport of non-converted mMaple3-tagged 

vesicles towards the perinuclear region, expressed as a percentage of green fluorescent 

gain, was calculated as: [FI at 16mins – FI at 45s (post-conversion time))/ (FI at 0s – 

intensity at 45s)]. The anterograde transport of mMaple3-tagged vesicles was expressed 

as a percentage of red fluorescent loss and calculated as [(intensity at 45s– intensity at 

16mins)/ (intensity at 45s – intensity at 0s)]. The transport of converted mMaple3 vesicles 

from the perinuclear region is expressed as the gain of fluorescent intensity at the front 

or rear cell ends at each time point.  

Hippocampal neuronal cultures 

Hippocampi were dissected from postnatal day zero (PND0) Ank2−/−and WT 

neonates and incubated in 2mg/mL papain in Hibernate A with 100µg/mL DNase at 

37°C for 20 minutes. Hippocampi were washed twice in plating medium (Neurobasal A 

plus 2% B-27 supplement, 2mM Glutamax, and 10% horse serum) and triturated first 
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with a P200 pipette tip and then with a fire-polished Pasteur pipette until dissociated. 

Cells were resuspended in plating medium and plated in poly-L-lysine-coated MatTek 

plates for 3-4 hours. Media was gently aspirated and replaced with growth medium 

(Neurobasal A plus 2% B-27 supplement and 2mM Glutamax) for 5-7 days. 

Transfections were carried out with Lipofectamine 2000. In one tube, 1µg total cDNA 

was mixed with 100µL Neurobasal A, and in a second tube, 3µL Lipofectamine 2000 was 

mixed with 100µL Neurobasal A. After 15 minutes tubes were mixed. Growth medium 

was removed from neurons and set aside, and transfection mixture was added to cells. 

After 1 hour at 37°C, the transfection mix was aspirated and cells were fed with original 

growth medium supplemented with 5µM cytosine arabinoside. After 48 hours (7-9 DIV), 

neurons were live imaged using Zeiss 780 inverted confocal microscope equipped with 

temperature and CO2 level control.   

Axonal transport imaging and analysis 

WT DIV 7 neurons were transfected with plasmids encoding Synaptophysin-YFP 

and Ank2−/− DIV 7 neurons were transfected with either Synaptophysin-YFP plasmid 

only, or co-transfected with WT AnkB-mCherry or delDD AnkB-mCherry plasmids. 48 

hours later, neurons were live imaged using Zeiss 780 inverted confocal microscope 

equipped with temperature and CO2 level control incubator. Long axon tracts were 

selected and imaged for 2 minutes with 2 secs interval, 60 frames in total. Exported 

videos from raw images were analyzed using the Kymograph analyzer plugin in Image J 
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to generate kymograph tracks of motile vesicles along the axon as well as to calculate the 

velocity and persistence of vesicle motility (Lorenzo et al., 2014).  

 

3.3 RESULTS 

3.3.1 Ankyrin-B exhibits dynactin-dependent long-range motility 

To examine the role of ankyrin-B association with dynactin in organelle motility 

in MEFs, I tracked the motion of vesicles positive for WT or DD1320AA AnkB-mCherry, 

a mutant ankyrin-B protein that lacks the ability to associate with the dynactin complex 

(Lorenzo et al., 2014; Ayalon et al., 2011), in Ank2−/− MEFs. I observed that a subset of WT 

AnkB-mCherry-associated organelles exhibited fast long-range motility, with a net 

velocity greater than 4µm/s and a persistence greater than 0.5, which is consistent with 

long-range, fast microtubule-based transport (Figure 14A and 14C). Similar to our 

findings in axons, DD1320AA AnkB-mCherry positive organelles showed shorter-range 

motility, reduced net velocity (velocity <4µm/s, persistence <0.5), and completely lacked 

a population with fast long-range motion (Figure 14B and 14C) (Qu et al., 2016). Hence, 

these data demonstrate that ankyrin-B provides long-range motility to a subset of 

organelles via coupling them through dynactin to either dynein or kinesin motors. 



 

55 

 

Figure 14: Ankyrin-B requires its dynactin-binding activity for the long-range 

transport in MEFs.   

(A and B) Representative tracks of WT AnkB-mCherry (A) and DD1320AA AnkB-

mCherry vesicles (B) in Ank2-/- MEFs (left). Scale bar, 10µm. Tracks were plotted in an 

XY coordinate system assuming (0,0) as initial position (right). (C) Mean velocity and 

persistence of WT AnkB-mCherry and DD1320AA AnkB-mCherry vesicles. Data 

represent mean ± SD from three independent experiments. ***p<0.001, two-tailed t-test. 

N=98, 26.  
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3.3.2 Ankyrin-B does not affect global organelle motility or 
endosomal morphology 

The deficit in intracellular transport could result from an altered microtubule 

cytoskeleton leading to a global alteration in organelle dynamics . Therefore, I next 

sought to evaluate if the loss of ankyrin-B in Ank2−/− MEFs affects organelle morphology, 

generic organelle motility, or the growth and the structure of microtubules . 

To test if there is any alteration in microtubule organization or extension in the 

loss of ankyrin-B, I examined the EMTB-GFP-labeled stable microtubules and EB-1-GFP 

labeled growing tips in WT and Ank2-/- MEFs. Consistent with our finding in axons, the 

stable microtubule morphology is not significantly affected by the loss of ankyrin-B. 

Moreover, the microtubule growth rate measured by the translocation of individual EB-

1-GFP tagged tips indicates that the mean value of the rate of microtubule extension 

towards the cell edge in Ank2-/- MEFs is similar to the one in WT MEFs (13.82μm ± 5.08 

and 12.37μm ± 4.84 respectively, p=0.108) (Figure 15).  
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Figure 15: Loss of Ankyrin-B does not affect microtubule growth or cytoskeleton 

organization. 

(A) Representative image of WT and Ank2-/- MEFs expressing EB1-GFP. (B) Quantitative 

data of microtubule growth rate generated from the track of EB1-GFP tips for 3 minutes. 

(C) Representative image of WT and Ank2-/- MEFs expressing EMTB1-GFP. Data 

represent mean ± SD from three independent experiments. NS, p=0.108, two-tailed t-test. 

N=65, 56. 
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Then I asked if the loss of ankyrin-B causes global defects in organelle motility 

and/or endosomal morphology. To answer this question, I evaluated generic motilities 

of Rab5-positive early endosomes, Rab11-positive recycling endosomes, LAMP1-

positive lysosomes, and mito-DsRed-positive mitochondria. Overall velocities of these 

organelles were not affected by the loss of ankyrin-B (Figure 16).  I also evaluated the 

morphology of Rab5-positive and/or PI3P-positive endosomes by measuring the volume 

size of these vesicles. The size (μm3) of Rab5-positive or PI3P-positive endosomes was 

not significantly altered in Ank2-/- MEFs compared to WT (Figure 17). In addition, the 

overall transport pattern of GFP-2XFYVE labeled vesicles in Ank2-/- MEFs was not 

significantly different from the one in WT MEFs. These results imply that the ankyrin-B-

mediated pathway defines a specialized transport route designated for a group of 

selected candidates from the endosomal population. Thus, a more precisely designed 

experiment system is required for the further study of this transport pathway.   
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Figure 16: Ankyrin-B does not affect generic organelle transport 

(A) Representative image of WT and Ank2-/- MEFs expressing Rab11-GFP, LAMP1-GFP, 

mito-DsRed. (B-E) Quantitative data of velocity of individual Rab11-GFP (B), LAMP1-

GFP (C), Rab5-RFP (D), and mito-DsRed (E) vesicles. Data represent mean ± SD from 

three independent experiments. NS, p>0.05, two-tailed t-test. N=55-78.  



 

60 

 
Figure 17: Ankyrin-B does not affect endosomal morphology or generic transport of 

GFP-2XFYVE labeled vesicles. 

(A and C) Representative 3D image of WT and Ank2-/- MEFs stained for Rab5 (A) and 

WT and Ank2-/- MEFs expressing GFP-2XFYVE stained for GFP (C). (D) Quantitative 

data of the size of 2XFYVE-labeled vesicles. (E) Representative live image of WT and 

Ank2-/- MEFs expressing GFP-2XFYVE. (E) Quantification of the overall velocity of GFP-

2XFYVE labeled vesicles. Data represent mean ± SD from three independent 

experiments. NS, p>0.05, two-tailed t-test. N=60-68. 
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3.3.3 Ankyrin-B exhibits RabGAP1L-dependent polarized transport 

The above observation of the long-range motility of ankyrin-B vesicles and the 

newly identified interaction between ankyrin-B and RabGAP1L prompted us to 

hypothesize that ankyrin-B has a role in determining organelle transport polarity in 

addition to providing long-range motility to particular cargoes. Therefore, I decided to 

evaluate the dynamics of ankyrin-B-associated organelles in migrating MEFs, which are 

polarized cells with well-defined front and rear ends, via tracking the motion of 

perinuclear organelles associating with ankyrin-B proteins tagged with mMaple3, a 

photoconvertible molecule that switches from green to red fluorescent emission 

following blue light exposure (λ= 405nm) (Wang et al., 2014a). In brief, Ank2-/- MEFs 

expressing either mMaple3-tagged WT or mutant E1537K AnkB were cultured on a 

tissue culture well containing a silicone insert, which was subsequently removed to 

allow cell migration into the exposed region (Figure 18A). The perinuclear region of a 

migrating cell was exposed to a burst of blue light, which resulted in the conversion of 

about 70% of green AnkB-mMaple3 to red fluorescent signal (Figure 18A, red inset). To 

dynamically track AnkB-mMaple3 particles, I monitored loss of red fluorescence, due to 

outward migration of photoconverted perinuclear vesicles, as well as a gain of green 

fluorescence, due to the entry of non-photoconverted inward-moving vesicles into the 

perinuclear region (Figure 18B-E) (Qu et al., 2016).  
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I found that the rate of entry of green vesicles from peripheral areas was 

equivalent for both WT and E1537K ankyrin-B (Figure 18C, 18E, and 18G, green 

symbols). However, photoconverted red WT ankyrin-B vesicles exited the perinuclear 

region at twice the rate of mutant E1537K ankyrin-B (Figure 18C, 18H-I, red symbols). 

Moreover, photoconverted perinuclear WT AnkB-mMaple3 red vesicles exhibited a 

biased transport toward the migrating front of the cell (Figure 18J and 19A). In contrast, 

red-converted E1537K AnkB-mMaple3 moved from the perinuclear region to both front 

and rear of cells at equivalent rates (Figure 18J and 19B). Taken together, these data 

demonstrate that ankyrin-B, via interaction with RabGAP1L, coordinates the polarized 

transport of perinuclear endosomal organelles to the migrating front of MEFs (Qu et al., 

2016).   
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Figure 18: Ankyrin-B exhibits RabGAP1L-dependent polarized transport towards the 

leading edge of migrating MEFs. 
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(A) Schematic of the experimental design used in the combined photoconversion- 

wound-induced migration assay. The perinuclear AnkB-mMaple3 signal in Ank2-/- MEF 

that is migrating at the edge of the wound was converted from green to red fluorescence 

by blue light exposure. Green or red fluorescent signal was tracked for 16min following 

photoconversion. For image representation and analysis cells were divided into front 

and rear halves determined based on their migratory direction. (B and D) Representative 

image of Ank2-/- MEF expressing WT AnkB-mMaple3 (B) or E1537K AnkB-mMaple3(D) 

at t=0s (pre-converted), 45s (perinuclear region converted), and 16 min (tracking end 

point). Scale bar, 10µm. (C and E) Quantification of red fluorescent intensity (post-

converted AnkB-mMaple3) and green fluorescent intensity (pre-converted AnkB-

mMaple3) in the perinuclear region. (F , I) Comparative analysis of green fluorescent 

gain (F) and red fluorescent loss (I) in the perinuclear region. (G, H) Percentage of red 

fluorescent loss and green fluorescent gain in the perinuclear region at 16min. (J) 

Quantification of red fluorescent intensity gain at either the front or rear cell ends. 

Intensities at each time point are normalized to the background intensity at t=0s. Data 

represent mean ± SD for three independent experiments. *p=0.011, ***p<0.001, two-tailed 

t-test. N=9. 
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Figure 19: Transport of perinuclear Ankyrin-B-mMaple3 in migrating MEFs. 

(A, B) Representative images of Ank2-/- MEFs expressing either WT AnkB-mMaple3 (A) 

or E1537K AnkB-mMaple3 (B). For each genotype: Top row left panel shows the 

distribution of green AnkB-mMaple3 vesicles before photoconversion (t=0s). Middle row 

left panel shows post-converted red perinuclear AnkB-mMaple3 vesicles (t=45s). Bottom 

row left panel shows distribution of post-converted red AnkB-mMaple3 vesicles 16 

minutes after photoconversion. Scale bar, 8µm. For each row, center and right panels 

show high magnification images of the rear and front cell ends. 
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3.3.4 Long range axonal transport is independent of ankyrin-B death 
domain 

As a part of the initial attempt to determine the cellular function of ankyrin-B 

death domain, we tested if ankyrin-B requires its death domain for promoting axonal 

transport of synaptophysin-containing vesicles. First of all, I tested if ankyrin-B that 

lacks the entire death domain (deletion of AA1465-AA1543, delDD AnkB) can be stably 

expressed. The western blot analysis of HEK 293 cells expressing WT AnkB-GFP or 

delDD AnkB-GFP  showed that deletion of death domain did not affect the protein 

stability of the ankyrin-B molecule. Interestingly, expression of ankyrin-B lacking the 

entire death domain (delDD AnkB-mCherry) successfully rescued the axonal transport 

deficits in Ank2−/− neurons to the same level as WT ankyrin-B (WT AnkB-mCherry) did, 

in terms of the transport velocity and persistence of synaptophysin-YFP or AnkB-

mCherry- positive vesicles (Figure 20). This result suggests that ankyrin-B death domain 

is not required for long-range motility of synaptic cargoes. However, it is possible that 

the death domain is involved in determining the polarity of sorting and trafficking of 

selected cargoes.  
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Figure 20: Ankyrin-B death domain is not required for long-range transport of 

synaptic axonal cargoes. 

(A) Representative kymographs of synaptophysin-YFP vesicle motility along long axons 

in WT neurons, Ank2-/- neurons, Ank2-/- neurons expressing WT AnkB-mCherry or Ank2-/- 

neurons expressing delDD AnkB-mCherry. (B) Quantification of anterograde and 

retrograde velocity and displacement of synaptophysin-YFP vesicles.  
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3.4 DISCUSSION 

In this chapter, I demonstrate that ankyrin-B not only provides long-range 

motility for selected organelles but also promotes polarized transport of associated 

endosomal organelles in migrating MEFs via its newly characterized interaction with 

RabGAP1L.  

As mentioned in chapter 2, the ankyrin-B/RabGAP1L-mediated regulation of 

polarized long-range organelle transport likely evolved in early vertebrates. 

Interestingly, positively charged residues on the binding surface for PI3P and DD1320 

residues critical for binding to dynactin 4 are all highly conserved within the ankyrin 

family of proteins back to C.elegans. Therefore, it is likely that the ability for ankyrin-B to 

interact with PI3P and dynactin 4, which serves as a base for the long range organelle 

motility, appeared earlier in evolution than the ankyrin-B/RabGAP1L interaction, which 

provides directional regulation to the transport of a selected pool of organelles during 

cell migration.  

Considering the evolutionary pattern of ankyrin-B interactions with PI3P, 

dynactin 4, and RabGAP1L as discussed above, it is less surprising that the death 

domain of ankyrin-B is not required for the long-range transport of axonal cargoes, 

which is also a fundamental process for axonal growth and neuronal development in 

non-vertebrate organisms like C.elegans and Drosophila melanogaster. However, it remains 

possible that the ankyrin-B death domain may direct the cargo-specific axonal transport 
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or regulate the polarized sorting/transport of axonal and dendritic cargoes at the cell 

body.  

As indicated in the results section, within a 2-minute time frame, only a subset of 

ankyrin-B-positive organelles exhibit polarized long range transport while the 

remaining vesicles are either stationary or exhibit short range local motility. One 

possible interpretation of this phenomenon is that some ankyrin-B-PI3P vesicles are not 

linked to dynactin 4-motor-microtubule based cytoskeleton and may instead be linked 

to the spectrin-actin based cytoskeleton through β2-spectrin. Another possibility is that 

there is an additional selection/activation mechanism, such as a kinase/phosphatase-

based regulation, which selectively activates the long-range transport machinery at 

targeted compartments. Interestingly, in the Yeast Two-Hybrid screen, I also identified 

protein phosphatase 1, regulatory subunit 42 (Ppp1r42) as a potential binding partner 

for the ankyrin-B death domain but not the ankyrin-G death domain. While this 

potential interaction needs to be further validated and characterized in mammalian cells, 

it will be of interest to investigate if recruitment of protein phosphatase 1contributes to 

the selection or activation mechanism for the ankyrin-B-mediated selective organelle 

transport.  

Therefore, the next major aim of this study is to identify the membrane-

associated protein(s) whose transport is engaged by the ankyrin-B/RabGAP1L pathway. 
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Chapter 4. Ankyrin-B promotes polarized α5β1-integrin 
recycling and haptotaxis of MEFs on a fibronectin 
gradient 

4.1 INTRODUCTION 

As mentioned above, while generic membrane and membrane receptor recycling 

are commonly shared by both polarized and unpolarized cells, specialized regulatory 

mechanisms are actively involved in promoting the directional transport of specific 

pools of proteins/protein complexes in polarized cells, for example, the transport of cell 

adhesion molecules to the leading edge of migrating cells.  

Integrin heterodimers, well recognized as cell adhesion molecules linking the 

cytosol with the extracellular matrix, are key examples of cargoes that utilize such a 

polarized trafficking machinery. And this trafficking activity is critical for the forward 

motility and persistence of cell migration (Caswell et al., 2009 ). As described in chapter 

1, a subset of integrin heterodimers are actively recycled between the plasma membrane 

and cytoplasmic compartments. Among them, fibronectin receptor, α5β1-integrin, 

undergoes a long-loop microtubule-dependent recycling route while  αvβ3-integrin 

utilizes a short-loop actin-dependent local recycling route (Caswell et al., 2009; 

Bridgewater et al., 2012; Bottcher et al., 2012). Moreover, studies using photoactivation 

probes implied that perinuclear α5-integrins exhibit a polarized transport towards the 

leading edge of migrating fibroblasts in a pattern similar to ankyrin-B. Some parallel 

studies suggested that this polarized transport is extensively regulated by Rab/Arf 
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GTPases and their adaptor proteins in a cell type-dependent manner (Bretscher, 1989; 

1992; Caswell et al., 2008; Caswell et al., 2009; Thapa et al., 2012). Moreover, recent 

studies also indicated that the integration of phosphoinositide lipids, small GTPases, 

and motors is essential for the polarized dynamics of integrins (Jovic et al., 2007; Jovic et 

al., 2009; Thapa et al., 2012).  

Haptotaxis is a directional cell migration towards higher gradients of substrate-

attached chemoattractants. Unlike migration along soluble chemoattractant, like PDGF 

and EGF, haptotaxis relies on a temporal cellular response to the gradient change in the 

insoluble extracellular matrix components. While previous studies had uncovered the 

mechanism underlying directional cell migration in response to soluble 

chemoattractants (chemotaxis), the mechanism for haptotaxis is relatively 

uncharacterized with the technical limitation in establishing a linear gradient of 

insoluble ECM factors (such as fibronectin). A recent study utilized a microfluidic 

chamber, in which ECM factors were allowed to attach to each "micro module" that, in 

total, allows the formation of a linear gradient. This technical innovation allowed the 

study of haptotaxis in a system better mimics the physiological condition (Wu et al., 

2012). 

In this chapter, I adopted a photoconversion-based live imaging and antibody-

labeling-based endo/exocytosis assay to directly evaluate the requirement of ankyrin-B 

in the transport of specialized membrane receptor/cargoes and demonstrate that 
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ankyrin-B, via interaction with PI3P, RabGAP1L, and dynactin, functions as a critical 

node in the protein circuitry underlying polarized delivery and recycling of α5β1-

integrin in MEFs. In collaboration with James Bear at UNC-Chapel Hill, we further show 

that MEFs require an ankyrin-B/RabGAP1L pathway for efficient haptotaxis along a 

gradient of ECM factor, fibronectin.   

 

4.2 Methods and Materials  

Mammalian cell culture and transfection 

Mouse embryonic fibroblasts were isolated, cultured and transfected as 

described in the previous chapters, using plasmids listed below.  

DNA constructs 

The α5-integrin-mMaple3 clone was generated by LR recombination (Invitrogen, 

Carlsbad, CA) of α5-integrin-pENTER with pN1-DEST-mMaple3. AnkB ZU5N-ZU5C-

UPA-DD-Ct-mCherry was generated by replacing the GFP sequence from ZU5N-ZU5C-

UPA-DD-Ct-GFP with the mCherry sequence using PmeI and NotI sites. E1537K, 

R1194A, DD1320AA AnkB-mCherry mutants were generated by site-directed 

mutagenesis. 

Photoconversion assay for evaluation of α5-integrin transport 

WT and Ank2−/− MEFs were transfected with plasmids encoding α5-integrin-

mMaple3 and the transport polarity of α5-integrin was examined using the same 
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photoconversion-based assay in combination with wound-induced cell migration assay 

described in the previous section.  

Cell surface protein biotinylation and recycling assay 

Cells were rinsed twice with ice-cold PBS and labeled with 0.2 mg/ml sulfo-NHS-

SS biotin (Thermo) in PBS at 4°C for 30min. The remaining sulfo-NHS-SS biotin was 

quenched with 50 mM Tris pH 8.0 in PBS, and cells were washed two more times with 

PBS. To allow endocytosis, pre-warmed media was added to cells and they were 

incubated at 37°C. After 30min of endocytosis, remaining surface exposed biotin labels 

were removed by incubating cells 2 × 5 min in cold 100 mM MESNa buffer (50 mM Tris, 

100 mM NaCl, 1 mM EDTA, 0.2 wt/vol BSA, pH 8.6). Cells were returned to a 37°C 

incubator to allow the recycling of biotin-labeled internalized proteins. Cells were fixed 

at various time points and biotin-labeled proteins were detected by Streptavidin-Alexa 

488 (Life Technologies).  

 

Integrin and transferrin recycling assay 

Cells were incubated with either Alexa 488-anti-mouse/rat β1-integrin, Alexa 

488-anti-mouse/rat β3-integrin (BioLegend), or Alexa 568-transferrin (Life Technologies) 

in DMEM containing 0.5% FBS (DMEM-FBS) at 4°C for 30 minutes followed by washes 

with ice-cold PBS and DMEM. To allow endocytosis, fluorescently-labeled cultures were 

incubated at 37°C for 30 minutes. The remaining surface-associated fluorescence was 
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quenched by a brief acid wash (0.5% acetic acid, 0.5M NaCl, pH 3.0). Following 

internalization, cells were washed with PBS and then, either fixed (recycling time 0 min) 

or incubated at 37°C for the indicated times before fixation (recycling time 15 min, 30 

min, 60 min). The percentage of recycled proteins at a given time point (t) is expressed as: 

fluorescent intensity on the plasma membrane at the time point (t)/fluorescent intensity 

in the cytoplasm at the time point (0). The percentage of remaining intracellular 

transferrin at a given time point is expressed as a ratio of the fluorescent intensity 

remaining in the cytoplasm at the time point (t)/fluorescent intensity in the cytoplasm at 

the time point (0).  

Haptotaxis assay and analysis 

The haptotaxis assay was performed as previously described (Wu et al., 2012a). 

WT or Ank2-/- MEFs were plated on microfluidic chambers containing a linear fibronectin 

gradient. Ank2-/- MEFs expressing WT AnkB-GFP or E1537K AnkB-GFP were sorted and 

plated on microfluidic chambers as described above. Cells were allowed to migrate for 

24 hours in the chamber and then were manually tracked allowing the calculation of 

forward migration index (FMI), velocity, and persistence of the migration, as described 

in Figure 7A. Rose plots of directional migration on normalized polar coordinates were 

generated using a MATLAB script described in King et al., 2016.   

Data analysis 
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ImageJ was used to measure the fluorescence intensity of confocal microscopy 

images. Student’s t-test was used to analyze two-group comparison, and one-way 

ANOVA followed by Tukey’s tests were used to perform multiple group comparison. 

All tests were performed using GraphPad Prism 6 software.  

 

4.3 RESULTS 

4.3.1 Ankyrin-B is not required for recycling of generic plasma 
membrane proteins, transferrin receptor, or αvβ3-integrin in MEFs 

To identify membrane proteins whose transport rely on the ankyrin-

B/RABGAP1L/Rab22A-mediated pathway in MEFs, I first examined whether ankyrin-B 

deficiency caused a global alteration in endo/exocytosis-based plasma membrane 

recycling using a cell surface protein biotinylation assay (Bitsikas et al., 2014). As shown 

in Figure 21A and 21B, biotinylated surface proteins were internalized and recycled back 

to the plasma membrane at the same rate in both WT and Ank2-/- MEFs, suggesting that 

ankyrin-B is not required for generic recycling of cell surface proteins. Then I assessed 

the dynamic of internalization and recycling of known specialized endocytic cargoes, 

including transferrin (Trn) and αvβ3-integrin, and found no differences between WT 

and Ank2-/- MEFs (Figure 21C-21F) (Qu et al., 2016). These results imply that ankyrin-B is 

not actively involved in the generic membrane recycling or the short-loop local recycling 

but may instead have a cargo-specific function for long-loop recycling.  
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Figure 21: Ankyrin-B is not required for generic plasma membrane recycling, 

transferrin dynamics, and β3-integrin recycling. 
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(A) Representative images show the internalization and recycling of biotin-labeled cell 

surface proteins in WT and Ank2-/- MEFs over a 30-minute period. Biotin signal was 

detected with streptavidin-488. Scale bar, 10µm. (B) Quantification of the percentage of 

recycled cell surface proteins in WT and Ank2-/- MEFs. Data represent mean ± SD from 

five independent experiments. Means from each experiment are shown. N=15. (C) 

Representative images of β3-integrin recycling in WT and Ank2-/- MEFs. Plasma 

membrane is labeled by WGA (blue). Scale bar, 10µm. (D) Quantification of the 

percentage of recycled β3-integrins in WT and Ank2-/- MEFs within 30 minutes after 

initiation of recycling. Data represent mean ± SD from five independent experiments. 

Means from each experiment are shown. N=15. (E) Representative images of Trn 

recycling in WT and Ank2-/- MEFs. Scale bar, 10µm. (F) Quantification of the percentage 

of remaining intracellular Trn signal in WT and Ank2-/- MEFs within 30 minutes after 

initiation of recycling. Data represent mean ± SD from seven independent experiments. 

Means from each experiment are shown. N=32.   

 

4.3.2 Ankyrin-B promotes polarized α5-integrin transport in migrating 
MEFs 

Ankyrin-B-positive perinuclear vesicles exhibit RabGAP1L-dependent polarized 

transport towards the front end of migrating MEFs (Figure 18). Therefore, I next 

evaluated the role of ankyrin-B in the active transport of the fibronectin receptor, α5β1-

integrin, which, similar to ankyrin-B, exhibits polarized delivery from cytoplasmic 

compartments to the leading edge of migrating fibroblasts (Bretscher, 1989; 1992). 

Moreover, the polarized transport of α5β1-integrin is extensively regulated by Rab/Arf 

GTPases and their adaptor proteins (Caswell et al., 2008; Caswell et al., 2009; Thapa et al., 

2012). Using the same strategy in chapter 3, I tagged α5-integrin with mMaple3 and 

tracked its dynamics in migrating WT and Ank2-/- MEFs as described above (Figure 22A). 

In WT MEFs, photoconverted perinuclear α5-integrin-mMaple3 localized to vesicles that 

were predominantly transported towards the migrating front (Figure 22B-C, 22H-J, and 
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23A). In contrast, in Ank2-/- MEFs, photoconverted perinuclear α5-integrin-mMaple3 

slowly exited the converted region, and the small population that was motile exhibited 

no preference in transport directionality (Figure 22D-E, 22H-J, and 23B). Thus, these 

results indicate that ankyrin-B is required for the polarized transport of α5-integrin from 

the perinuclear region to the migrating front in MEFs (Qu et al., 2016).  

 



 

79 

 

Figure 22: Ankyrin-B promotes polarized transport of perinuclear α5-integrin in 

migrating MEFs. 

(A and C) Photoconversion- wound-induced migration assay was performed in WT and  

Ank2-/- MEFs expressing α5-integrin-mMaple3. Representative images of WT MEFs (A) 

and Ank2-/- MEFs (C) expressing α5-integrin-mMaple3 at 0s (pre-converted), 45s 

(perinuclear region converted) and16 mins (tracking end point). Scale bar, 10µm. (B and 
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D) Quantification of red fluorescent intensity (post-converted α5-integrin-mMaple3) and 

green fluorescent intensity (pre-converted AnkB-mMaple3) in the perinuclear region of 

WT (B) and an Ank2-/- (D) MEFs. (E, H) Comparative analysis of green fluorescent gain 

(E) and red fluorescent loss (H) in the perinuclear region. (F, G) Quantitative data of the 

percentage of red fluorescent loss and green fluorescent gain in the perinuclear region of 

WT and Ank2-/- MEFs at 16min. (I) Quantification of red fluorescent intensity gain at 

either the front or rear cell ends. Intensities at each time point are normalized to the 

background intensity at t=0s. Data represent mean ± SD for six independent experiments. 

Mean from each of the six experiment is shown in E and H. **p=0.022, two-tailed t-test. 

N=13. 
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Figure 23: Transport of α5-integrin to the front and rear of migrating MEFs. 
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(A and B) Representative images of WT (A) and Ank2-/- (B) MEFs expressing mMaple3-

tagged α5-integrin during a photoconversion assay. For each genotype: Top row left 

panel shows the distribution of green α5-integrin -mMaple3 vesicles before 

photoconversion (t=0s). Middle row left panel shows post-converted red perinuclear α5-

integrin-mMaple3 vesicles (t=45s). Bottom row left panel shows the distribution of post-

converted red α5-integrin -mMaple3 vesicles 16 minutes after photoconversion. Scale 

bar, 8µm. For each row, center and right panels show high magnification images of the 

rear and front cell ends. 

 

4.3.3 Ankyrin-B promotes β1-integrin recycling via integrating PI3P, 
dynactin 4, and RabGAP1L 

The fact that α5β1-integrin has a low degradation rate and is actively recycled in 

a long-loop microtubule-dependent route led us hypothesize that a majority of photo-

converted perinuclear α5-integrins belong to the recycling population (Caswell et al., 

2009; Bridgewater et al., 2012; Arjonen et al., 2012; Böttcher et al., 2012). Therefore, to 

determine whether α5β1-integrin requires ankyrin-B for polarized recycling, I followed 

the itinerary of internalized β1-integrins in WT and Ank2-/- MEFs by calculating the 

percentage of recycled β1-integrins at the cell surface at selected post-internalization 

times (Figure 24A). After 60 min, WT MEFs recycled over 60% of internalized β1-

integrins to the plasma membrane (Figure 24B). In contrast, in Ank2-/- MEFs, less than 

20% of internalized β1-integrins recycled to the cell surface over the same period, and 

instead accumulated at the perinuclear region (Figure 24B). The pool of labeled 

intracellular β1-integrins in Ank2-/- MEFs eventually did return to the plasma membrane 

after 3-6 hours with a significantly lower recycling rate than in WT MEFs (Qu et al., 

2016). 
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Figure 24: Ankyrin-B is required for β1-integrin recycling. 

(A) Schematic representation of the β1-integrin recycling assay. Cell surface β1-integrins 

were labeled with anti-β1-integrin antibody conjugated with Alexa 488 at 4ºC. Cells 

were incubated at 37 ºC for 30min to allow internalization. Remaining cell surface 

labeling is reduced by acid wash and recorded as recycle time point 0 min. Cells were 

returned to 37 ºC incubation for indicated times following the wash with PBS and 

culture media.  (B) Representative images of WT and Ank2-/- MEFs at recycling points t=0 

min and t=60 min. β1-integrins are shown in green, plasma membranes labeled with 

WGA-Alexa 633 are shown in blue. Yellow arrows indicate plasma membrane areas at 

the migrating front containing recycled β1-integrin in WT MEFs. White arrows indicate 

the absence of recycled β1-integrin signal at the plasma membrane of Ank2-/-MEFs 
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The integration of phosphoinositide lipids, Rab/Arf GTPases, and motors is 

essential for the efficient recycling of endocytic cargoes, including α5β1-integrin (Jović et 

al., 2007; Jović et al., 2009; Thapa et al., 2012).  Therefore, I addressed the requirement of 

ankyrin-B interactions with PI3P lipids, dynactin 4, and RabGAP1L for α5β1-integrin 

recycling using a structure-function rescue approach (Figure 25A). Expression of WT 

AnkB-mCherry fully restored the rate and extent of β1-integrin recycling in Ank2-/- MEFs 

(Figure 25B and 25D). In marked contrast, neither E1537K AnkB-mCherry (lacking 

RabGAP1L binding) nor R1194A AnkB-mCherry (lacking PI3P binding) rescued β1-

integrin recycling deficits in Ank2-/- MEFs. DD1320AA AnkB-mCherry (unable to bind 

dynactin) partially rescued β1-integrin recycling to about 50% of the WT level (Figure 

25B and 25D). These results indicate that ankyrin-B’s binding to PI3P lipids and 

RabGAP1L are essential steps in β1-integrin recycling, while its association with the 

dynactin complex increases the efficiency of recycling (Qu et al., 2016). 

The membrane-binding domain (MBD) of ankyrin-B is comprised of 24 ANK 

repeats folded as a solenoid with a peptide-binding groove that mediates binding to 

multiple membrane proteins (Bennett and Lorenzo, 2016). Thus, we hypothesized that 

ankyrin-B MBD facilitates β1-integrin recycling via a direct interaction with α5β1-

integrin or other associated adaptor proteins. To test this hypothesis, I first examined if 

ankyrin-B lacking the entire membrane binding domain can rescue the β1-integrin 

recycling deficits in Ank2-/- MEFs. To our surprise, expression of a truncated Zu5-Ct 
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AnkB-mCherry construct lacking the MBD was sufficient to restore β1-integrin recycling 

in Ank2-/- MEFs (Figure 25C and 25D), suggesting that this entire ANK repeats domain is 

not required for the ankyrin-B-mediated β1-integrin recycling (Qu et al., 2016). Based on 

these findings, I concluded that the canonical ANK repeats-mediated cargo recognition 

is not the mechanism through which β1-integrin is selected as an ankyrin-B-dependent 

cargo. Together, these results demonstrate that ankyrin-B promotes β1-integrin recycling 

via integrating RabGAP1L and dynactin 4 on PI3P-positive endocytic compartments in 

an ANK repeats-independent manner and thus raise an immediate question, that is, 

what is the molecular mechanism that defines the identity of the specialized group of 

membrane receptors that are engaged in this ankyrin-B-mediated pathway.  
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Figure 25: Ankyrin-B requires interaction with PI3P, RabGAP1L, and dynactin4 to 

promote β1-integrin recycling. 
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(A) Schematic representation of the domain organization of AnkB-mCherry constructs 

used in structural-function experiments. Different mutation sites are marked in red. (B) 

Representative images of Ank2-/- MEFs expressing E1537K AnkB-mCherry, R1194A 

AnkB-mCherry, and DD1320AA AnkB-mCherry proteins taken at different recycling 

times. Yellow arrows indicate plasma membrane areas containing recycled β1-integrin. 

White arrows indicate the absence of recycled β1-integrin signal at the plasma 

membrane of non-rescued cells. (C) Representative images of Ank2-/- MEFs expressing 

the ZU5-C-terminal portion (ZU5-Ct) of AnkB-mCherry at different recycling times. 

Yellow arrows indicate plasma membrane areas containing recycled β1-integrin 

molecules. (D) Quantitative data of β1-integrin recycling in WT, Ank2-/-, and Ank2-/- 

MEFs expressing WT or mutant AnkB-mCherry constructs. Data represents mean ± SD 

from five independent experiments. Individual data points indicate the mean from each 

experiment. N=16. 

 

4.3.4 Ankyrin-B is required for transition of β1-integrin–containing 
early endosomes to Rab5-negative recycling endosomes 

Endocytic vesicles containing β1-integrin undergo sorting to Rab5-positive early 

endosomes and subsequent transition to Rab11-positive recycling endosomes before 

trafficking from perinuclear compartments back to the plasma membrane. To determine 

the specific step during this endo-/exocytosis cycle that requires ankyrin-B, I examined 

the initial sorting of β1-integrin to early endosomes and the subsequent endosomal 

maturation events in WT and Ank2-/- MEFs. Internalized β1-integrin localized to Rab22A 

or Rab5-positive early endosomes both in WT and Ank2-/- MEFs (Figure 26A and 26B), 

suggesting that the initial sorting of β1-integrin to Rab5-positive early endosomes is 

independent of ankyrin-B. However, β1-integrin exhibited an elevated co-localization 

with Rab22A-positive compartments and a prolonged association with Rab5-positive 

early endosomes following the initiation of recycling in Ank2-/- MEFs (Figure 26B and 
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26C). These results indicate that ankyrin-B, through recruitment of RabGAP1L, 

facilitates the dissociation of Rab22A from β1-integrin-containing endocytic vesicles to 

allow their transition from Rab5-positive early endosomes to Rab5-negative recycling 

endosomal compartments, which is a critical rate-limiting step in the recycling activity.  

 

Figure 26: Ankyrin-B promotes the endosomal transition of endocytic vesicles 

containing β1-integrin. 
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(A) Association of Rab5-RFP with β1-integrin vesicles in WT and Ank2-/- MEFs 10 

minutes after initiation of internalization. (B) Representative images and the 

quantification of the co-localization of mCherry-Rab22A and internalized β1-integrin in 

WT and Ank2-/-  MEFs fixed 15 minutes after initiation of internalization. (C) Prolonged 

association of Rab5 with β1-integrin vesicles in Ank2-/- MEFs. Pearson’s co-localization 

coefficient between Rab5 and internalized β1-integrin 10-minute post recycling in WT 

and Ank2-/- MEFs. Data represents mean ± SD from three to six independent experiments. 

***p<0.001, **p=0.002, two-tailed t-test. N=8-18.  

 

4.3.5 Overactivation of Rab22A impairs multi-receptor recycling 

The spatiotemporal regulation of Rab and Arf GTPase activities is critical for 

controlling the endosomal recycling of α5β1-integrins (Caswell et al., 2008; Pellinen et al., 

2006; Li et al., 2007). To test if Rab22A activity is responsible for α5β1-integrin recycling 

downstream of the ankyrin-B/RabGAP1L pathway, I performed a β1-integrin recycling 

assay in WT MEFs overexpressing either mCherry-tagged WT Rab22A or constitutively 

active mutant Q64L Rab22A. Interestingly, WT MEFs overexpressing WT Rab22A 

showed a reduced rate of β1-integrin recycling. The deficiency was further increased in 

MEFs expressing Q64L Rab22A (Figure 27A and 27B). Moreover, we noticed that WT 

MEFs expressing Q64L Rab22A not only affected internalization of β1-integrins, but also 

of transferrin and β3-integrins, whose recycling is not affected by the loss of Ankyrin-B 

(Figure 27C) (Qu et al., 2016). These results suggest that hyperactivation of Rab22A 

disrupts general recycling of multiple receptors while the ankyrin-B/RabGAP1L-

mediated regulation specifically tunes the Rab22A activity on selected PI3P-positive 

organelles bearing β1-integrin. 
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Figure 27: Hyperactivation of Rab22A impairs recycling of multiple receptors. 

(A-B) Representative images (A) and quantitative data (B) of β1-integrin recycling 

within 60 minutes in control WT MEFs, WT MEFs expressing mCherry-WT Rab22A or 

constitutively active Q64L Rab22A. (C) Quantitative data showing the percentage of 

endocytosed β3-integrin and transferrin remained intracellular after 30min of recycling. 

Data represent mean ± SD from three independent experiments. N=15. 
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4.3.6 Ankyrin-B/RabGAP1L interaction is required for haptotaxis 

Fibroblasts rely on the efficient recycling of adhesion receptors, including α5β1-

integrin, to the plasma membrane for directional migration and β1-integrin is required 

for haptotaxis along linear gradients of fibronectin (De Franceschi et al., 2015; King et al., 

2016). Considering that ankyrin-B promotes α5β1-integrin recycling to the leading edge 

of migrating MEFs, we next investigated the possibility that ankyrin-B loss negatively 

influences fibronectin-based directional migration. In collaboration with James Bear at 

UNC-Chapel Hill, we tracked positions of individual WT and Ank2-/- MEFs migrating on 

a linear gradient of fibronectin during a 24-hour interval using a microfluidic chamber 

system-based haptotaxis assay. These data were used to calculate the forward migration 

index (FMI), overall velocity, and persistence of motion as previously reported (Wu et al., 

2012) (Figure 28A). Typically, fibroblasts haptotaxing on fibronectin gradients display an 

average FMI over 0.1, with a 95% confidence interval (CI) above 0. In contrast, a FMI of 0 

with 95% CI crossing 0 is considered as random, non-directional migration (Wu et al., 

2012; King et al., 2016). While WT MEFs exhibited haptotaxis towards higher 

concentrations of fibronectin (FMI=0.134), similar to the migration pattern of control 

IA32 fibroblasts, Ank2-/- MEFs migrated in a random pattern (FMI=0.028, 95% CI crossing 

0) (Figure 28B and 28C). Interestingly, Ank2-/- MEFs exhibited no difference in the overall 

velocity or persistence of the cell migration, suggesting that the cell motility machinery 

is fully functional in the absence of ankyrin-B (Figure 28D and 28E) (Qu et al., 2016). The 
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finding that ankyrin-B is required for recycling of α5β1-integrin but not that of αvβ3-

integrin is consistent with reports that fibroblasts rely primarily on β1-integrins for 

establishing fibronectin-based haptotaxis (King et al., 2016).  

To test if ankyrin-B/RabGAP1L interaction is required for establishing fibronectin 

haptotaxis, we performed a rescue experiment by expressing either WT AnkB-GFP or 

E1537K AnkB-GFP lacking RabGAP1L binding activity in Ank2-/- MEFs. Interestingly, 

expression of WT AnkB-GFP partially restored the haptotatic FMI of Ank2-/- MEFs 

(FMI=0.0907, lower 95% CI above 0) while of E1537K AnkB-GFP still showed an 

impaired haptotactic response (FMI=0.0436, 95% CI crossing 0) (Figure 28B and 28C). 

Together, these functional data indicate that the ankyrin-B/RabGAP1L interaction, 

which is required for polarized recycling of β1-integrin, is also required for efficient 

fibroblast haptotaxis along a fibronectin gradient (Qu et al., 2016).  
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Figure 28: An Ankyrin-B/RabGAP1L pathway is required for haptotaxis. 

(A) Schematic of a microfluidic chamber system-based haptotaxis assay and analysis. (B) 

Rose plot showing the distribution of the tracking endpoint of cells migrate on a linear 

gradient of fibronectin. (C) Mean FMI of WT MEFs, control IA32 fibroblasts, Ank2-/- 

MEFs and Ank2-/- MEFs expressing WT AnkB-GFP or E1537K AnkB-GFP with 95% 

confidence interval (95% CI). Mean FMI with 95% CI crossing 0 is considered as not 

haptotaxing. (D, E) Mean velocity (D) and persistence (E) of migration of WT, Ank2-/-, 

and Ank2-/- MEFs expressing WT AnkB-GFP or E1537K AnkB-GFP. Data represents 

mean ± SD from four independent experiments. *p=0.0238, 0.04. N=98, 156, 116, 70, 78. 

one-way ANOVA with Tukey post-test. 
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Figure 29: Schematic review of an ankyrin-B-mediated mechanism for polarized 

endosomal transport and α5β1-integrin recycling . 

(Qu et al., 2016) 

 

4.4 DISCUSSION 

In this chapter, I demonstrate that ankyrin-B integrates RabGAP1L and dynactin 

4 on PI3P-positive, Rab22A-associated organelles bearing  α5β1-integrin to promote 

polarized trafficking and recycling of α5β1-integrin to the leading front of migrating 

MEFs (Figure 29), which is required for haptotaxis towards a higher gradient of 

fibronectin.   

An ankyrin-B mutation eliminating interaction with the dynactin complex 

(DD1320AA) impairs but does not abolish α5β1-integrin recycling to the plasma 

membrane (Figure 25C). The residual α5β1-integrin transport may operate through 

alternative mechanisms to recruit motor proteins to ankyrin-B-associated organelles, and 
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facilitate their traffic from the perinuclear compartment to the plasma membrane. One 

potential candidate is the kinesin-3 family member KIF16B, which binds directly to PI3P 

lipids and promotes outward transport of Rab5-associated early endosomes to the cell 

surface (Hoepfner et al., 2005). It further suggests that ankyrin-B/RabGAP1L mediated 

GTPase regulation activity on PI3P-positive endosomes is the rate limiting step for α5β1-

integrin-containing endocytic vesicles to proceed for recycling.   

Inactivation of Rab22A by RabGAP1L through its TBC domain likely contributes 

to the maturation of early endosomes. GTP-bound Rab22A directly associates with the 

Rab5 GEF Rabex-1, which activates Rab5 (Zhu et al., 2009). Alternatively, conversion of 

Rab22A to its GDP form through the ankyrin-B-mediated recruitment of RabGAP1L 

would be expected to reduce Rab5 activation, thus promoting loss of early endosome 

identity. Another possibility is that RabGAP1L perform functions independent of GAP-

activity, similar to p120RasGAP, which competes with, instead of inactivating, Rab21 in 

the binding to α-integrin cytoplasmic tails to promote integrin recycling (Mai et al., 

2011). However, whether and how the loss of Rab22A association with early endosomes 

lead to the polarized transport of organelles preferentially to the front of migrating 

fibroblasts remains to be elucidated.  

The regulation of GTPases and their adaptor proteins also involves protein 

kinases (Stenmark 2009; Frasa et al., 2012). Specifically, previous studies had shown that 

Diacylglycerol kinase α (DGKα) is required for Rab-coupling protein (RCP)-dependent 
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integrin trafficking and the Akt-mediated phosphorylation of ACAP1, a GAP for Afr6, is 

required for integrin recycling (Rainero et al., 2012; Li et al., 2005). Although the kinase(s) 

that regulate(s) RabGAP1L activity has not been identified, it remains to be a possible 

regulatory mechanism for sensing directional cues during haptotaxis and for subsequent 

transmission of polarity signal to activate the ankyrin-B-mediated directional transport 

machinery (Figure 29). 

Integrin dynamics has been the focus of intense investigation with particular 

attention from investigators in the fields of cancer cell metastasis, and angiogenesis (De 

Franceschi et al., 2015; Caswell et al., 2007; Dozynkiewicz et al., 2012; Paul et al., 2015; 

Tian et al., 2012). Interestingly, Rab22A also contributes to exosome biogenesis and 

shedding from primary tumor cells and tumor metastasis (Wang et al., 2014b). Our 

discovery of an ankyrin-B/RabGAP1L pathway as a key regulator of Rab22A localization 

and activity, and of α5β1-integrin polarized transport, offers new insights into the 

molecular circuitry underlying fibroblast and endothelial cell migration and tumor 

metastasis, as well as potential new targets for regulation. In future studies, it will be 

important to characterize the role of the ankyrin-B/RabGAP1L pathway in cell migration 

and cancer cell metastasis in a more physiological relevant 3D micro-environment 

(Caswell et al., 2007; Caswell et al., 2008).  

 Long-range transport and targeting of integrins underlie neurite outgrowth and 

neuronal migration (Anton et al., 1999; Condic, 2001; Condic et al., 1997; Wu et al., 
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2012b). Moreover, proper levels and dynamics of α5β1-integrin complexes, shown to 

localize to nerve growth cones, are required in multiple stages of brain development and 

synaptic function (Bi et al., 2001; Graus-Porta et al., 2001; Marcheti et al., 2010; Yanagida 

et al., 1999). The potential function of the ankyrin-B/RabGAP1L pathway in axonal 

pathfinding and synaptogenesis worth for future studies. 
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Chapter 5. In vivo characterization of the ankyrin-B 
/RabGAP1L interaction 

5.1 Introduction 

Ankyrin-B is broadly expressed in multiple tissues other than CNS, including 

heart, skeletal muscle, pancreas and fat tissue, liver and skin. Ankyrin-B null (Ank2-/-) 

mice die soon after birth with multisystem abnormalities including cardiac arrhythmia, 

severe CNS abnormalities, congenital myopathy, and pancreatic insufficiency (Scotland 

et al., 1998; Tuvia et al., 1999; Mohler et al., 2003; Ayalon et al., 2008; Healy et al., 2010; 

Lorenzo et al., 2014; Lorenzo et al., 2015). Ankyrin-B is required for the preservation of 

the corpus callosum in the brain and for the assembly of costameres and regulation of 

Glucose transporter 4 membrane localization in the skeletal muscle  (Scotland et al., 1998; 

Lorenzo et al., 2014; Ayalon et al., 2008; Lorenzo et al., 2015). 

Ankyrin-B death domain and the linker region between the death domain and 

the C-terminal domain are encoded by Ank2 exon 38-40. As mentioned in Chapter 2, the 

function of this domain of ankyrin-B has remained mysterious for decades. Using the 

conditional knock-system (Cre-LoxP-mediated depletion of specific genome sequences), 

we developed a mouse model in which ankyrin-B specifically lacks the AA1465 to 

AA1583 including the entire death domain. The cross of these mice with tissue-specific 

promoter driven-Cre expressing mice allow us to investigate the in vivo function of the 

ankyrin-B death domain in tissues where ankyrin-B-dependent functions have been 

demonstrated.  In this chapter, I performed preliminary experiments as an initial step for 
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the further elucidation of the physiological role(s) of the ankyrin-B death domain in the 

brain and skeletal muscle from adult mice. 

 

5.2 Materials and Methods 

Generation of Ank2 exon 38-40flox/flox (AnkB floxDD) mice 

Ankyrin-B death domain conditional knockout mice (Ank2 exon 38-40flox/flox) were 

generated by the transgenic core at Duke University. Homologous recombination was 

achieved by a targeting construct that contained exons 38–40 of the mouse Ank2 gene, 

corresponding to the death domain and linker region between the death domain and C-

terminal domain, flanked by LoxP sites and a flippase recognition target–flanked 

neomycin-resistant gene cassette. ES cells with inserted cassette in their genome were 

injected into host female mice to generate the first generation of Ank2 exon 38-40flox/+ mice. 

These mice were first crossed to C57 mice to test their ability for germline transmission 

and the offspring is recorded as the F1 generation. F1 and subsequent offspring were 

crossed to PGK-Flp (JAX 011065) that encodes flippase to remove the neomycin-resistant 

gene cassette. Ank2 exon 38-40flox/+ mice were then crossed with each other and the flp 

negative Ank2 exon 38-40flox/+ or Ank2 exon 38-40flox/flox mice were maintained.  

Mice with skeletal muscle specific or neuronal specific knockout of ankyrin-B death 

domain were generated as described below: HSA-cre or Nestin-cre mice (Jackson's Lab) 

were crossed with Ank2 exon 38-40flox/flox mice to generate HSA-cre (+); Ank2 exon 38-40flox/+ 
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or Nestin-cre (+); Ank2 exon 38-40flox/+. These mice were further crossed to Ank2 exon 38-

40flox/flox mice to generate HSA-cre (+); Ank2 exon 38-40flox/flox or Nestin-cre (+); Ank2 exon 38-

40flox/flox mice.  Primers used for genotyping are listed below: 

Ank2 exon 38-40flox/flox:  

5' GTGGGCCTGTTTTGCAATTCAGAG, 3' AAGCAAAGTCATGTAGTGCACACT.  

HSA -Cre and Nestin-Cre:  

5' CCTCCGGAGAGCAGCGATTAA AAGTGT CAG 

3' TAGAGCTTTGCCACATCACAGGTCATTCAG 

5' CCATCTGCCACCAGCCAG, 3' TCGCCATCTTCCAGCAGG 

PGK-Flp: 

5' CCTCCGGAGAGCAGCGATTAA AAGTGT CAG 

3' TAGAGCTTTGCCACATCACAGGTCATTCAG 

5' GAAGGTGATGAGCCAGTTCGA, 3' CTGATGATGCCGTTCCAGGC 

 

Brain and skeletal muscle isolation and preparation 

Postnatal day 30 (PND30) mice were sacrificed following the approved protocol 

(A149-15-05). Whole brains and skeletal muscles, specifically, tibialis anterior (TA) 

muscles,  were isolated and snap-frozen in liquid nitrogen for western blot analysis. For 

immunohistochemistry, proximity ligation assay and immunofluorescent staining, mice 

were heart perfused with 4% PFA in PBS until the heart and liver appeared clear of 
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blood. Then brains and skeletal muscles were isolated from each mouse and fixed 

individually in PBS + 4% PFA at 4 ℃ overnight (brain) or 2 hours (skeletal muscle) and 

then kept in PBS. Paraffin embedding and slide preparation were performed following 

the standard protocol (performed by Lab technician Janelle Hostettler and Erica 

Robinson).  

Western Blot analysis of Ank2 exon 38-40flox/flox (AnkB floxDD) mice tissues 

Either freshly isolated or snap-frozen skeletal muscles from each mouse were 

homogenized and lysed in lysis buffer (0.32M sucrose + 10mM HEPES pH 7.4 + 5mM 

EDTA pH 8.0 + 1mM NEM + proteinase inhibitor). Freshly isolated brains from each 

mouse were frozen-homogenized in liquid nitrogen. The powder product was lysed in 

lysis buffer and further homogenized using Omni tissue homogenizer at 4 ℃. The lysate 

was centrifuged for 5 minutes at 500 rpm and the pellet was mixed with 5xSDS PAGE 

with DTT (1:1 volume ratio) and heated at 65 ℃ for 5 minutes before being passaged 

through 27g syringe 4-5 times. All samples were further incubated at 65 ℃ for 10 

minutes before loading onto 1.5mm (for regular WB) or 0.75 mm SDS-PAGE gel (for in 

gel WB). The western blot analysis of skeletal muscle samples was performed using 

BioRad transferring and Licor labeling/detection system. In-gel staining was performed 

for the analysis of brain samples to preserve the 440 kDa ankyrin-B. Briefly, gels were 

fixed for 15min (50% isopropanol / 5% acetic acid), washed in water for 15min, and then 

incubated with primary antibody in TBS + 5%BSA / 0.1% Tween 20 at 4 ℃ overnight. 
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The next day, gels were washed in TBST (TBS + 0.1% Tween 20) for 30 minutes, 3 times, 

and incubated with Licor secondary antibodies in TBS + 5%BSA / 0.1% Tween 20 in dark 

at room temperature for 2 hours. Finally, gels were washed 2 x 30 minutes in TBST, 1 x 

30 minutes in TBS and imaged using Licor Odyssey system. Rabbit-anti-ankyrin-B, 

rabbit-anti-dystroglycan, and goat-anti-β-dystroglycan primary antibodies and Licor 800 

(Green) anti-rabbit and Licor 800 anti-goat secondary antibodies were used in this assay.  

Proximity ligation assay and immunofluorescent staining of tissue sections 

Deparaffinized brain and skeletal muscle sections were rinsed in PBS before 

incubation with blocking buffer (4% BSA + 0.2% Tween 20 in PBS) overnight at 4 ℃. 

Rabbit anti-RabGAP1L, sheep anti-ankyrin-B, rabbit anti-dystroglycan and goat anti-β-

dystroglycan primary antibodies were used for primary staining. Slides were washed in 

PBS for 20 minutes, three times. For regular immunofluorescent staining, slides were 

incubated with donkey anti-rabbit or anti-goat Alexa 488 and donkey anti-sheep Alexa 

568 secondary antibodies for 2 hours in dark at room temperature, washed three times 

in PBS + 0.1% Tween 20 and mounted using Prolong-Gold mounting media (Life 

technologies). For proximity ligation assay, slides were incubated with mouse anti-

goat/sheep IgG for 2 hours at room temperature, washed three times in PBS for 20 

minutes and then incubated in blocking media containing DuoLink MINUS anti-rabbit 

and PLUS anti-mouse probes for 1 hour in 37 ℃ humid incubator. Slides were then 

washed in DuoLink wash buffer A for 10 minutes, twice, and incubated in ligation 
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buffer containing ligase for 30 minutes in 37 ℃ humid incubator. After a three-time 

wash in wash buffer A, slides were further incubated in blocking solution containing 

polymerase and amplification buffer for 2 hours in the 37 ℃ humid incubator. Finally,  

slides were washed twice in wash buffer B, 15 minutes each, 0.01xwash buffer B for 5 

minutes and mounted using DuoLink mounting media containing DAPI. All slides were 

stored at 4 ℃ overnight before imaging. For long term storage, slides were kept at -20 ℃. 

 

5.3 Results 

5.3.1 Ankyrin-B interacts with RabGAP1L in long axon tracts  

To examine the localization of ankyrin-B and RabGAP1L in the whole brain, I 

performed an immunofluorescent staining assay in PND 30 mice brain sections using 

affinity purified antibodies against ankyrin-B and RabGAP1L as described in above 

sections. Both ankyrin-B and RabGAP1L exhibited robust expression as well as global 

localization patterns in the whole brain and it was difficult to assign specific regions 

where either of them was enriched or two proteins interacted. Therefore, I performed a 

proximity ligation assay in parallel, which can specifically highlight the region where 

protein-protein interaction occurs. Strikingly, in contrast to the global staining observed 

in the regular fluorescent staining, a specific strong PLA signal was observed in the 

corpus callosum and some other long axon tracts, indicating that ankyrin-B and 
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RabGAP1L specifically interact at long axon tracts (Qu et al., 2016). However, the 

physiological function of this site-specific interaction remains unknown. 

 

Figure 30: Ankyrin-B and RabGAP1L interact in long axon tracts in brain.   

(A) Immunofluorescent staining of endogenous ankyrin-B (red) and RabGAP1L (green) 

in WT PND30 mice brain. Scale bar, 20mm. (B) Proximity ligation of ankyrin-B and 

RabGAP1L in WT PND30 mice brain. Red: positive ligation/interaction signal. Blue: 

DAPI. Yellow arrows point to the corpus callosum. Scale bar, 20mm. 

 

5.3.2 Ankyrin-B interacts with RabGAP1L in costameres in adult 
skeletal muscle 

To examine the localization of ankyrin-B and RabGAP1L in skeletal muscle, 

muscle sections prepared from TA muscles from PND30 mice were stained with sheep 

anti-ankyrin-B and rabbit anti-RabGAP1L as described above. Both ankyrin-B and 

RabGAP1L exhibited similar localization at the sarcolemma, costameres, and M lines. 

Similar to the experiment in brains, a proximity ligation assay was performed in parallel 
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to determine the precise site of the interaction.  Strikingly, costameres revealed a strong 

positive interacting signal while M lines were not labeled (Qu et al., 2016). Costameres 

are required protect striated muscle from mechanical stress (Ervasti, 2003; Ayalon et al., 

2011). Moreover, ankyrin-B is required for assembly of costameres (Ayalon et al., 2008). 

The function of this interaction thus could be relevant to human diseases such as 

cardiomyopathy and muscular dystrophy and will be important to study in more detail. 

 

Figure 31: Ankyrin-B and RabGAP1L interact in costameres in skeletal muscle. 

Immunofluorescent staining of endogenous ankyrin-B (red) and RabGAP1L (green) in 

WT PND30 mice skeletal muscle (SKM) and proximity ligation of ankyrin-B and 

RabGAP1L in WT PND30 mice skeletal muscle. Red: positive ligation/interaction signal. 

Blue: DAPI. Scale bar: 20µm, zoom: 5µm . 
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5.3.3 Generation and characterization of ankyrin-B death domain 
conditional knock-out mice 

As an initial attempt to investigate the physiological function of the ankyrin-B 

death domain in vivo, we generated transgenic mice with conditional knockout of 

ankyrin-B death domain, Ank2 exon 38-40flox/flox (AnkB floxDD) mice. The detailed 

procedure was described above in the material and methods section in this chapter.  

 

Figure 32: Generation and genotyping of AnkB floxDD mice. 

(A) Homologous recombination strategy used for the generation of Ank2 exon 38-40flox/+ 

ES cells. (B) Western blot analysis of the size and stability of ankyrin-B proteins lacking 

the region encoded by exon 38-40. (C) Genotyping of Ank2 exon 38-40+/+ (WT: W), Ank2 

exon 38-40flox/+ (Het: H), and Ank2 exon 38-40flox/flox (KO: K) mice. 

 

Ank2 exon 38-40flox/flox mice were first crossed to β-actin Cre and Sox2 Cre mice 

(Jackson's Lab) to produce mice with global knockout of ankyrin-B death domain. 
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However, after five round of independent attempts, we were unable to get any Sox2 Cre 

(+);Ank2 exon 38-40flox/+ or β-actin Cre(+); Ank2 exon 38-40flox/+ (over 60 offspring from each 

group). One possible explanation is that global loss of a single copy of ankyrin-B death 

domain is lethal, which is a little surprising since mice with total knockout of full-length 

ankyrin-B can survive until PND 0-2. Another possibility is that the Sox2 Cre and/or β-

actin Cre insertion interferes with Ank2 exon 38-40flox/+ sequences on the same 

chromosome.   

Then I aimed to characterize the function of the ankyrin-B death domain in brain 

and skeletal muscle where ankyrin-B plays important roles in axonal growth (brain) and 

costameral/sarcolemmal localization of dystrophin and β-dystroglycan (skeletal muscle). 

The neuronal specific or skeletal muscle specific ankyrin-B death domain knockout mice 

were generated by crossing Ank2 exon 38-40flox/flox mice with Nestin-Cre mice or HSA Cre 

mice respectively. Both HSA Cre (+); Ank2 exon 38-40flox/flox and Nestin-Cre (+); Ank2 exon 

38-40flox/flox mice were viable and capable of breeding. Western blot analysis of skeletal 

muscles isolated from above mice confirmed the successful knockout of ankyrin-B death 

domain, indicated by the size shift of the band from 220 kDa (WT: HSA-Cre (-); Ank2 

exon 38-40flox/flox) to approximately 210 kDa (KO: HSA-Cre (+); Ank2 exon 38-40flox/flox) and 

the doublet of band in Het (HSA-Cre (+); Ank2 exon 38-40flox/+). Western blot analysis of 

brain protein sample isolated from above mice also showed the same ~10 kDa reduction 

in the size of 220 kDa ankyrin-B and 150 kDa ankyrin-B, while the size shift of 440 kDa 
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ankyrin-B was hard to confirm since it was challenging to distinguish a 430 kDa band 

from a 440 kDa band.  

To test if ankyrin-B death domain is required for the membrane targeting of 

dystrophin and β-dystroglycan in skeletal muscle, the TA muscles isolated from PND 30 

mice were either transversely or longitudinally sectioned for the analysis of dystrophin 

and β-dystroglycan localization by immunofluorescent staining. Interestingly, 

dystrophin and β-dystroglycan were properly targeted to sarcolemma and costamere in 

HSA-Cre (+); Ank2 exon 38-40flox/flox muscle. In addition, the localization pattern of β1-

integrin (α7β1-integrin is the major integrin heterodimer in muscle) was not 

significantly altered in HSA-Cre (+); Ank2 exon 38-40flox/flox muscle compared to the 

pattern in WT muscle.  
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Figure 33: Loss of ankyrin-B death domain does affect the membrane localization of 

dystrophin and β-dystroglycan . 

(A) Immunoblot of ankyrin-B in WT, Het and KO skeletal muscle. (B) Immunostaining 

of dystrophin and β-dystroglycan in transverse sections of WT and KO skeletal muscle. 

(C) Immunostaining of β1-integrin in longitudinal sections of WT and KO skeletal 

muscle.   
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Figure 34: Western blot analysis of Nestin-Cre AnkB floxDD mice. 

Whole brain lysate from WT, Het and KO mice were blotted for ankyrin-B. Molecular 

weights of three isoforms (WT) are marked: 440 kDa, 220 kDa, and 150 kDa (right, high 

exposure).  
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5.4 Discussion 

In this chapter, I report some preliminary investigation of the function of 

ankyrin-B death domain/RabGAP1L pathway in vivo. I show that ankyrin-B and 

RabGAP1L interact at long axon tracts in the brain and at costameres in skeletal muscle 

of adult mice. I further illustrate that loss of ankyrin-B death domain in the neuronal 

system and skeletal muscle system does not affect the viability of mice. 

As discussed in previous chapters, the ankyrin-B/RabGAP1L interaction is likely 

a gain of function in the higher organism, thus it is not surprising that mice lacking this 

interaction are still viable. This implies that the ankyrin-B/RabGAP1L pathway may be a 

candidate for alterations in some human diseases, which may not necessarily affect 

viability but may impair critical physiological events. Altered expressions of RabGAP1L 

mRNA have been reported in studies of esophageal squamous cell carcinomas 

(expression is upregulated) and Alzheimer disease (expression is inhibited in the medial 

septum and hippocampus brain regions) (de Yebra et al., 2004; Ross et al., 2014). It will 

be of interest to study whether the ankyrin-B/RabGAP1L pathway is involved in the 

development of these diseases.       

The normal sarcolemmal/costameral localization of dystrophin and β-

dystroglycan or β-integrin in HSA Cre (+); Ank2 exon 38-40flox/flox muscles suggests that 

ankyrin-B death domain is not required for maintaining the membrane localization of 

these complexes. However, whether it is required for more dynamic processes such as 
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the efficient establishment of the membrane/protein complex domain during early 

development and/or the recovery after exercise-induced muscle stress or injury remains 

to be tested.  

RabGAP1L was initially discovered in hematopoietic cells, heart, and liver and 

therefore named as HHL (Hidaka et al., 2000). Interestingly, ankyrin-B is highly 

expressed in heart and performs critical functions in the membrane organization of ion 

channels and transporters (Mohler et al., 2004a; Mohler et al., 2005) . An "ankyrin-B 

syndrome" had been reported in studies of cardiac phenotypes caused by human 

mutations in Ank2, which is related to type 4 long QT syndrome resulted from a 

complex cardiac phenotype including ventricular arrhythmias and sudden cardiac death 

(Mohler et al., 2003; Mohler et al., 2004b). Thus, the role of ankyrin-B/RabGAP1L 

pathway in the cardiac system worth for a future investigation and a cardiomyocyte-

specific ankyrin-B death domain knockout mice will be a useful model for this study. In 

addition, ankyrin-R is also highly expressed in hematopoietic cells (Bennett, 1979; 

Bennett and Baines, 2001). Although ankyrin-R death domain differs from ankyrin-B 

death domain at the E1537 residue that is responsible for the RabGAP1L binding, it still 

worth testing if ankyrin-R is also capable of interacting with RabGAP1L through 

different residues or through posttranslational modifications, and regulates RabGAP1L-

dependent activities. 



 

113 

The impaired haptotaxis of ankyrin-B null MEFs suggests a potential role of 

ankyrin-B in wound healing of skin tissues. Although the neonatal-lethal phenotype of 

ankyrin-B null mice makes them unsuitable for wound healing experiments, the 

keratinocytes specific ankyrin-B or ankyrin-B death domain knockout mice could  be a 

potential model for this type of study. Likewise, it will be of interest to study the 

potential role of the ankyrin-B death domain in cancer metastasis in cancer models 

induced by irradiation or acute epithelial depletion/injury. 
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Chapter 6. Future Directions and Conclusions 

6.1 Determining the functions of the ankyrin-B-positive 
compartment 

Following the initial finding that ankyrin-B is associated with PI3P-positive 

organelles in MEFs, we asked if ankyrin-B affects the transport of any well recognized 

PI3P-positive functional compartments, such as the beclin1-Vps34 complex, which had 

been shown to have essential functions in endocytic trafficking, cytokinesis, autophagy, 

and cell death (Liang et al., 1999; Zeng et al., 2006; Thoresen et al., 2010; Funderburk et 

al., 2010).  

Firstly, we examined the localization of ankyrin-B to beclin1- and Vps34-positive 

structures using live microscopy. WT AnkB-GFP co-localized with Beclin1-DsRed and 

WT AnkB-mCherry co-localized with Vps34-GFP in live Ank2-/- MEFs (figure 35). Next, 

we asked if ankyrin-B is required for long-range transport of the beclin1-Vps34 complex. 

A subset of Beclin1-DsRed or Beclin1-GFP positive vesicles exhibited long-range motility 

in WT MEFs, similar to the transport pattern of WT AnkB-mCherry positive vesicles. 

Strikingly, in Ank2-/- MEFs, beclin1-positive vesicles lost their long-range motility and 

accumulated in a perinuclear compartment. The long-range motility can be rescued by 

WT AnkB-mCherry but not by R1194A AnkB-mCherry lacking PI3P binding activity, 

DD1320AA AnkB-mCherry lacking dynactin 4 binding activity, or delDD AnkB-

mCherry lacking RabGAP1L binding activity (Figure 36).  



 

115 

These results imply that beclin1 is an ankyrin-B-dependent cargo and thus raise a 

hypothesis that ankyrin-B may directly interact with beclin1 or other components in the 

beclin1-Vps34 complex, such as URAG, ATG8, and Vps15. If this hypothesis can be 

tested in future studies, it will be of interest to identify the interacting residue and study 

cellular functions of these potential interactions using a structure-function approach. 

Moreover, ankyrin-B is also required for InsP3 receptor membrane localization and 

function in cardiomyocytes and pancreas (Mohler et al., 2005; Healy et al., 2010). Thus it 

is possible that the ankyrin-B-mediated transport machinery identified in this thesis may 

be required for the InsP3 receptor activities. This hypothesis can be tested by evaluating 

InsP3 localization, transport, and stability in either Cre-expressing AnkB floxDD 

tissues/cells or ankyrin-B null cells expressing E1537K AnkB proteins. Taken together, 

these observations provide some hints for future studies of the role that this newly 

characterized ankyrin-B-mediated pathway has on PI3P-associated functional 

compartments.  
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Figure 35: Ankyrin-B co-localizes with Vps34 and beclin-1. 

(A and B) Ankyrin-B co-localizes with beclin1 and Vps34 in MEFs. (C-E) Beclin1 and 

Vps34 exhibit increased localization to perinuclear compartments in Ank2-/- MEFs 

compared to WT MEFs. 
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Figure 36: Ankyrin-B is required for long-range transport of beclin-1 complex.  

(A and B) Tracks of the motility of beclin1-DsRed-positive vesicles. (C and D) 

Quantification of the velocity and displacement of these motilities. (E and F) Rescue of 

the long-range motility of Beclin1-GFP-positive vesicles by different AnkB-mCherry 

proteins. 
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6.2 Cargo-recognition mechanism for the ankyrin-B-mediated 
transport machinery 

As mentioned in chapter 4, the result showing that ANK repeats domain of 

ankyrin-B is not required for  α5β1-integrin recycling led us to conclude that ankyrin-B 

does not utilize its canonical "groove" in this domain to recognize/select the β1-integrin-

containing vesicles. Thus, the key puzzle remaining to be solved is the molecular 

mechanism through which ankyrin-B selects its cargoes for this specialized transport 

route. One plausible hypothesis is that ankyrin-B directly interacts with cytoplasmic tails 

of α5β1-integrin heterodimer via Zu5N-Zu5C-UPA-DD supramodule or C-terminal 

domain. If this is true, then we can map the residue(s) on integrins that are responsible 

for the interaction. Moreover, we may even be able to identify a new binding motif for 

the interaction with ankyrin-B, which will help us to identify the full complement of 

membrane-associated proteins engaged by the ankyrin-B-mediated pathway. Another 

hypothesis is that ankyrin-B and Rab22A work in collaboration with each other to define 

the specific population of organelles. As mentioned above, Rab22A promotes endocytic 

trafficking of the Menkes copper transporter, the epidermal growth factor receptor 

(EGFR), and the major histocompatibility complex class I (Holloway et al., 2013; 

Maldonado-Baez et al., 2013; Weigert et al., 2004). Therefore, examination of the 

transport/recycling of these molecules will be critical for testing this hypothesis.  

 



 

119 

6.3 Function of ankyrin-B in autism 

While 220 kDa ankyrin-B is widely expressed in multiple tissues, the neuron-

specific isoform, 440 kDa ankyrin-B, which has a giant insert between UPA domain and 

death domain, is exclusively targeted to axons and enriched at axonal growth cones and 

might play a role in axonal guidance (Kunimoto et al., 1991; Chan et al., 1993; Kunimoto, 

1995). Interestingly, two independent de novo profiling studies  have reported human 

mutations in Ank2, especially within the exon 37 that encodes the 440 kDa ankyrin-B-

specific insert, that is related to high functional autism (De Rubeis et al., 2014; Iossifov et 

al., 2014). It is, thus, conceivable that 440 kDa ankyrin-B may play a critical role in the 

molecular pathway underlying autism behaviors. One hypothesis is that, similar to its 

roles in migrating fibroblasts, the ankyrin-B/RabGAP1L pathway might facilitate the 440 

kDa ankyrin-B-mediated axonal growth cone behavior, axonal guidance, and 

synaptogenesis. It will be informative to examine the ankyrin-B/RabGAP1L interaction 

using 440 kDa ankyrin-B-specific antibody or in Nestin-Cre (+);Ank2 exon 37flox/flox mice 

using pan ankyrin-B antibody to determine cellular locations of the interaction. 

Furthermore, E1537K ankyrin-B knock-in mice or Nestin-Cre (+);Ank2 exon 38-40flox/flox 

mice could provide a model for behavior studies to characterize the potential 

contribution of the ankyrin-B/RabGAP1L pathway to autism.   
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6.4 Conclusions 

 Since the initial discovery of plasma membrane endo/exocytic dynamics and 

membrane organelle trafficking, it received extensive attentions from researchers in 

three major fields: small GTPases and their effectors, phosphoinositide lipids, molecular 

motors and their adaptor proteins. Despite remarkable progress in the identification of 

various regulators and pathways that promote this fundamental cellular event, how 

these individual activities are coordinated to assure a precise, directional transport of 

selected membrane compartments/protein complexes to specialized cellular locations 

remained unclear. In this thesis, I characterize an ankyrin-B-mediated pathway that 

integrates components from all three systems to promote polarized long range transport 

of specialized endosomal organelles.  

Ankyrin-B has previously been shown to directly bind to phosphatidylinositol 

3-phosphate (PI3P) and dynactin complex. This thesis identifies  a new ankyrin-B 

interacting partner, RabGAP1L, a negative regulator for Rab GTPases  including Rab22A, 

Rab34, and Rab39B, as the first ankyrin-B death domain binding protein. These direct 

protein-protein/lipids interactions have established ankyrin-B as a master coordinator in 

the organelle trafficking.  

I first report that ankyrin-B/dynactin/PI3P pathway identified in the axonal 

transport study (Lorenzo et al., 2014) also functions in mouse embryonic fibroblasts. 

Moreover, I demonstrate that ankyrin-B, through the direct recruitment of its newly 
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characterized binding partner, RabGAP1L, on PI3P-positive compartments, promotes 

the dissociation of Rab22A and the polarized endosomal transport in migrating 

fibroblasts (Qu et al., 2016). The identification of this pathway improves our 

understanding about how cells coordinate Rab GTPases, phosphoinositide lipids and 

motors to control the directed organelle transport under polarity.  

A major question comes along with the characterization of a transport 

machinery is which cargo protein(s) relies on this pathway for its transport. Our 

systematic observations conclude that the ankyrin-B-mediated transport machinery is 

designated for subsets of selected membrane proteins that undergo microtubule-based 

long-range transport but not for generic or local short range membrane/protein 

trafficking. Following these initial observations, subsequent studies in this thesis 

identify α5β1-integrin as an ankyrin-B-dependent cargo, which undergoes polarized 

long-loop recycling between the plasma membrane and perinuclear compartments in 

migrating fibroblasts. We further demonstrate that mouse embryonic fibroblasts require 

this pathway for efficient haptotaxis along a linear gradient of fibronectin. Together, 

these findings provide a new mechanistic insight into the integrin transport as well as 

the cellular response to the transient polarity changes during the directional cell 

migration (Qu et al., 2016). 

The strong interaction between ankyrin-B and RabGAP1L in long axon tracts in 

brain and costameres in skeletal muscle reported in this thesis suggest important in vivo 
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function of this pathway. The development and characterization of the AnkB floxDD 

mice, a mouse model that lacks the ankyrin-B/RabGAP1L interaction, serves as a base 

for future studies of the physiological function of this pathway.   

Ankyrin family proteins have been well recognized as plasma membrane 

adaptors that assemble and stabilize distinct membrane domains over the last 30 years 

since its initial discovery. However, the function of their death domains remained 

unresolved. Our work in this thesis, for the first time, demonstrates a completely 

unexpected role for ankyrin-B and its death domain in dynamic intracellular trafficking 

events and thus provides a new cellular and molecular aspect of view for the ankyrin 

functions (Qu et al., 2016). Furthermore, this work not only unravels a new mechanism 

for the polarized endosomal trafficking and integrin recycling during cell migration but 

also suggests a principle for the cellular integration of multiple regulatory inputs that 

control various intracellular activities.  
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