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ABSTRACT 

Mutations in BEST1, the gene encoding for Bestrophin-1 (Best1), cause five, clinically 

distinct inherited retinopathies: Best vitelliform macular dystrophy (BVMD), adult-onset 

vitelliform macular dystrophy (AVMD), autosomal recessive bestrophinopathy (ARB), 

autosomal dominant vitreoretinochoroidopathy (ADVIRC), and retinitis pigmentosa 

(RP). Little is known regarding how BEST1 mutations cause disease and why mutations 

cause multiple disease phenotypes. Within the eye, Best1 is a homo-oligomeric, integral 

membrane protein that is exclusively localized to the basolateral plasma membrane of the 

retinal pigment epithelium (RPE). Here, it regulates intracellular Ca2+ signaling and 

putatively mediates anion transport. Since defects in localization and oligomerization are 

known to underlie other channelopathies, we investigated how mutations causal for 

BVMD, AVMD, ARB, ADVIRC, and RP impact the localization and oligomerization of 

Best1. We generated replication-defective adenoviral vectors encoding for WT and 31 

mutant forms of Best1 associated with these five diseases and expressed them in 

confluent, polarized Madin-Darby canine kidney and/or RPE cells. Localization was 

assessed via immunofluorescence and confocal microscopy. Oligomerization was 

examined using live-cell fluorescence resonance energy transfer (FRET) as well as 

reciprocal co-immunoprecipitation experiments. We report that all 31 BVMD, AVMD, 

ARB, ADVIRC, and RP mutants tested can reciprocally co-immunoprecipitate with and 

exhibit comparable FRET efficiencies to WT Best1, indicative of unimpaired 

oligomerization. While all RP and ADVIRC mutants were properly localized to the 

basolateral plasma membrane, many but not all AVMD, ARB, and BVMD mutants were 
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mislocalized to intracellular compartments. When co-expressed with WT Best1, 

mislocalized mutants predominantly co-localized with WT Best1 in intracellular 

compartments. Studies involving four ARB truncation mutants reveal that the first 174 

amino acids are sufficient to mediate oligomerization with WT Best1 and that amino 

acids 472-585 are not necessary for proper trafficking. We conclude that, although 

mislocalization is a common result of BEST1 mutation, it is not an absolute feature of any 

individual bestrophinopathy. Moreover, we show that some recessive mutants mislocalize 

WT Best1 when co-expressed, indicating that mislocalization cannot, on its own, 

generate a disease phenotype, and that the absence of Best1 at the plasma membrane is 

well tolerated. 
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CHAPTER 1: INTRODUCTION 

The Bestrophin Family 

The bestrophins are an evolutionarily conserved family of genes with representatives 

throughout the animal kingdom, ranging in complexity from bacteria to mammals. Gene 

orthologs have been reported in genetically diverse organisms such as nematodes, flat 

worms, insects, amphibians, fish, birds, and mammals [1,2,3,4]. The number of 

bestrophin genes varies between species, but mammals typically have three to four 

bestrophin paralogs. The human genome, for example, has four bestrophin genes, named 

BEST1, BEST2, BEST3, and BEST4 that encode for Bestrophin-1 (Best1), Bestrophin-2 

(Best2), Bestrophin-3 (Best3), and Bestrophin-4 (Best4) respectively. Beginning with the 

intracellular N-terminus and spanning all six predicted transmembrane helices, the first 

310 amino acids are highly conserved among bestrophin paralogs and orthologs, and all 

are believed to encode for Ca2+-activated anion channels [1,2,3]. 

 

In mammals, expression of bestrophins has been reported in a variety of tissues. Best1 is 

expressed in the retinal pigment epithelium (RPE) of the eye [5] as well as glial cells in 

cerebellum [6] and hippocampus [7]. Best2 has been identified in non-pigmented ciliary 

epithelium in the eye [8], salivary gland [9], colonic goblet cells [10], and dark secretory 

cells in sweat glands [11]. Best3 protein has been found in atria and ventricles of the 

heart [12] as well as smooth muscle [13]. Very recently, Best4 was shown to be 

expressed in absorptive cells of the colon and small intestine [14]. Regardless of the cell 

or tissue type, bestrophins are invariably localized to the plasma membrane of cells. 
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Best1 is the only bestrophin known to cause retinal disease, however, and the remainder 

of this dissertation will therefore focus on Best1 and its relevance to ocular dysfunction.  

 

Best1 and Retinal Disease 

The retina is a light-sensitive, multi-layered structure which is found lining the inside 

posterior of the eye. The retina is responsible for detecting light and converting that 

information into nerve impulses. Light enters the eye through the cornea and is focused 

onto the retina by the cornea and the lens. Specifically, light is focused onto the macula, a 

region of the retina rich in color-sensitive cone photoreceptors. The macula is responsible 

for generating the center of the visual field and is specialized for high acuity and color 

vision. Photoreceptors convert light into electrochemical signals which, after passing 

through a variety of intermediate neurons which process information about contour and 

contrast, ultimately affect neurotransmitter release onto retinal ganglion cells. Ganglion 

cells carry information from the eye to the brain via the optic nerve, which is composed 

of the axons of retinal ganglion cells. Best1 is expressed in the RPE of the eye. The RPE, 

like other epithelia, serves to separate biological compartments. In this case, the RPE 

separates the avascular photoreceptor layer from their blood supply, the choroid. Since 

rods and cones are avascular, a paramount role of the RPE is to transport nutrients and 

remove waste products to and from the photoreceptors and the bloodstream. The RPE 

also improves the quality of vision by absorbing scattered light and is imperative for the 

maintenance of vision [15,16]. 
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Over 200 mutations in BEST1 have been reported to cause five, clinically distinct forms 

of inherited retinal degeneration (http://www-huge.uni-regensburg.de/BEST1_database), 

collectively referred to as the “bestrophinopathies”. These are Best vitelliform macular 

dystrophy (BVMD) [17,18], adult-onset vitelliform macular dystrophy (AVMD) [19], 

autosomal recessive bestrophinopathy (ARB) [20], autosomal dominant 

vitreoretinochoroidopathy (ADVIRC) [21], and retinitis pigmentosa (RP) [22]. BVMD, 

AVMD, and RP are autosomal dominant while ARB is autosomal recessive. These 

retinopathies are clinically distinguished from one another by type of inheritance, 

appearance of the ocular fundus (i.e., interior surface of the eye, opposite the lens), and 

electrooculogram (EOG) and electroretinogram (ERG) recordings [2,23].  

 

The fundus can be viewed with an ophthalmoscope, which illuminates and visualizes the 

retina. In a healthy patient, the fundus is red due to the presence of blood vessels and the 

branching of these vessels is evident. An exception to this red appearance is the macula, 

which is dark and appears grey due to the absence of blood vessels [24]. The EOG is a 

technique used to indirectly measure the corneo-retinal standing potential that exists 

between the front and back of the eye, and this difference in potential is largely generated 

by the RPE [25]. In contrast, the ERG measures the multiphasic changes in corneal 

potential that occur in response to light, and different waveform components of the ERG 

reflect the health and activity of distinct retinal layers (e.g., photoreceptors and bipolar 

cells) [26]. A common readout of the EOG is the Arden ratio, which is a measure of the 

light peak (LP; the highest potential reached in the light) divided by the dark trough (the 

http://www-huge.uni-regensburg.de/BEST1_database
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lowest potential reached in the dark)  [27] and this parameter is subnormal in BVMD 

patients [28] and in asymptomatic patients harboring BVMD-associated mutations [2]. 

While the Arden ratio of a healthy patient is greater than 1.8, the ratio of the light peak to 

the dark trough is below 1.5 in patients with BVMD [2,29]. 

 

BVMD, which was first described by Friedrich Best in 1905, exhibits a highly variable 

age of onset, ranging from the first decade of life to after the sixth decade 

[30,31,32,33,34]. Although visual acuity tends to decline with age in BVMD patients 

[35], some 7-9% of individuals harboring known BVMD mutations will never suffer 

from a loss of visual acuity due to BVMD [2,36]. Prior to the discovery of BEST1 in 

1998, a diagnosis of BVMD was based on the following: a family history of disease, a 

vitelliform lesion observed on a fundus exam, a normal ERG, and subnormal Arden ratio 

[2,29]. Upon examination of the fundus, patients typically have a yellow, vitelliform 

lesion in the macula. This lesion is a fluid- and/or debris-filled retinal detachment, and 

absorption of fluid can result in pseudohypopyon, or the appearance of a “scrambled 

egg”, in the macula. In some cases, patients will show scarring, regional 

hypopigmentation, regional hyperpigmentation, and/or choroidal neovascularization 

[2,23]. Fundus autofluorescence is typically enhanced and caused, at least in the part, by 

the accumulation of lipofuscin in the RPE [37].   

 

AVMD is quite similar to BVMD, with its distinguishing factor being that the EOG is 

often normal in AVMD [38,39,40,41] . Furthermore, while the mean age of onset for 
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BVMD is in the fourth decade of life, the mean age of onset for AVMD is beyond the 

fifth decade of life [19,40,42,43]. Otherwise, BVMD and AVMD are clinically identical 

[2,19,23].  ARB is characterized by an autosomal recessive mode of inheritance, 

autofluorescence abnormalities, and scattered yellowish, subretinal lesions. Like BVMD, 

the LP of the EOG is severely diminished, though the ERG can be abnormal as well in 

some ARB patients [23,44].  

 

ADVIRC due to BEST1 mutation is marked by EOG and ERG abnormalities [21]. 

Peripheral chorioretinal atrophy, retinal neovascularization, and peripheral pigmentary 

alterations – such as punctate white deposits and fibrillary vitreous condensations – are 

hallmarks of ADVIRC. ADVIRC primarily impacts the peripheral retina 

[21,45,46,47,48], making it distinct from BVMD, AVMD, and ARB. Also a peripheral 

retinal disease, BEST1 mutations have been documented in a small number of patients 

with RP. Although EOG testing was not performed, ERGs were abnormal in all affected 

individuals tested. RPE degeneration as well as dense, pigmentary changes manifesting 

as black areas in the clinical fundus were observed. Abnormal flecks and/or deposits were 

also observed in individuals diagnosed with RP [22]. ADVIRC and RP are distinct from 

the other bestrophinopathies in that they both affect the peripheral retina and are 

characterized by pigmentary abnormalities. Unlike RP, however, the fundus in ADVIRC 

patients shows a circumferential hyperpigmented band in the periphery that clearly 

demarcates pigmented region from non-pigmented region [22,23]. 
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Best1 Structure 

Due to the relationship between BEST1 and retinal disease, a lot of interest has been 

garnered in the structure and function of Best1. Best1 is a 68 kDa, 585 amino acid 

integral membrane protein that, within the eye, is exclusively localized to the basolateral 

plasma membrane of the RPE [5]. Although bioinformatics analyses of primary amino 

acid sequence predict that the protein has up to six  potential membrane spanning alpha 

helices, experimental data suggest that only four of these span the plasma membrane 

[49,50]. Two studies have experimentally sought to determine the membrane topology of 

Best1, and both agree that Best1 has intracellular N- and C-termini and an intracellular 

loop following transmembrane domain two [49,50]. They disagree, however, on the 

distribution of the potential transmembrane spanning α-helices between domains 3 and 6 

[49,50]. The model proposed by Milenkovic et al. is typically favored, however, as it is 

more commonly predicted by bioinformatics analyses [2]. These models are supported by 

the finding that the C-terminus of Best1 cannot be labeled with an antibody unless the 

cells are first permeabilized, further suggesting that the C-terminal region is intracellular 

[5]. Mutations most commonly occur in the evolutionarily conserved bestrophin domain, 

which is comprised of the first 310 amino acids starting from the N-terminus. Though 

less common, mutations have been reported in the latter, intracellular portion of the 

protein as well [1,2]. 

 

Data in native and heterologous systems indicate that Best1 forms homo-oligomers 

[51,52]. Using porcine RPE, Stanton et al. examined the quaternary structure of 
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endogenous Best1 via gel exclusion chromatography and velocity sedimentation 

experiments. The authors concluded that, in porcine tissue, the minimal oligomeric unit 

of Best1 is a dimer [51].  Via co-immunoprecipitation experiments between differentially 

tagged forms of Best1 in transfected human embryonic kidney (HEK293) cells, Sun et al. 

suggested a stoichiometry of tetramers or pentamers for Best1 oligomers. The authors 

noted, however, that the majority of Best1 accumulates in intracellular compartments in 

HEK293 cells [52]. As such, the different stoichiometries reported may be due to 

differences between a native (porcine RPE, where Best1 localizes to the basolateral 

plasma membrane) and a heterologous system (HEK293 cells, where Best1 

predominantly aggregates in the cytoplasm). Indeed, when Stanton et al. assessed the 

stoichiometry of Best1 in transfected HEK293 cells and compared their findings to Best1 

in porcine RPE, they found that Best1 is present as higher order oligomers. They also 

show that, in transfected HEK293 cells, the majority of Best1 is found in large, 

intracellular aggregates, with a small percentage of protein localizing to the cell periphery 

[51]. Ultimately we still do not know the stoichiometry of a functional Best1 channel and 

this should be the subject of future studies. 

 

Best1 and Anion Transport 

A large cohort of data in transfected HEK293 cells suggests that Best1 is a Ca2+-activated 

Cl- channel with a Kd for Ca2+ of ~150 nM [1,53]. As measured by whole-cell patch 

clamp, HEK293 cells transfected with Best1 consistently show robust Cl- currents 

compared to untransfected cells, and all disease-causing mutants studied exhibit 
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diminished Cl- conductances compared to WT protein (reviewed in [1,53]). Although the 

anions that permeate Best1 in the RPE remain to be elucidated, there is a compelling data 

demonstrating a role for Best1 as an anion channel in various systems. 

 

In transfected HEK293 cells, Best1 was found to be highly permeable to HCO3
- and this 

permeability was not affected by extracellular Na+ [54]. Disease-causing mutations 

(Y85H, R92C, and W93C) were shown to abolish both HCO3
- and Cl- currents equally 

[54]. The structurally similar Best2 was recently shown to mediate a HCO3
- conductance 

in colonic goblet cells that is absent in Best2-/- mice [10].  Although the ability of Best1 

to mediate HCO3
- transport in vivo has yet to be investigated, data in transfected HEK293 

cells and data regarding the analogous paralog Best2 suggest that Best1 may function as a 

HCO3
- channel in the RPE. 

 

Most recently, Best1 was found to mediate a glutamate-induced conductance in mouse 

hippocampal astrocytes following activation of the G-protein coupled receptor (GPCR) 

protease activated receptor (PAR1) that was absent in Best1-/- mice [7]. Best1 expression 

was also found in mouse cerebellar astrocytes and RNAi knockdown against endogenous 

Best1 in these cells eliminated tonic inhibition due to GABA release [6]. Thus, in the 

mouse brain, Best1 appears to be a key transporter of glutamate and GABA in glial cells. 

Cumulatively, there is a plethora of data demonstrating that Best1 directly acts as an 

anion channel, though the specific anions that permeate Best1 in the RPE have yet to be 

identified. 
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Best1 and Ca2+ Signaling 

Best1 is also known to affect [Ca2+]i, as the only ocular phenotype of Best1-/- mice is 

disrupted Ca2+ signaling [55]. In WT mice, stimulation of RPE cells with extracellular 

ATP increases intracellular Ca2+ levels. Stimulating RPE cells in Best1-/- mice with 

equivalent amounts of adenosine triphosphate (ATP) results in a five-fold greater 

response compared to WT littermates [55].  Mice homozygous or heterozygous for the 

BVMD mutation W93C exhibit symptoms similar to BVMD in humans and their 

increases in intracellular Ca2+ post-ATP stimulation are suppressed relative to their WT 

littermates [56]. Interestingly, ATP is a known ligand for the apical, purinergic GPCR 

P2Y, which is expressed in the RPE [57,58]. Since activation of the GPCR PAR1 is 

required for Best1-mediated glutamate transport in hippocampal astrocytes [7] and 

intracellular Ca2+ levels are only disrupted post ATP-stimulation, it is possible that a 

GPCR functions upstream of Best1 in the RPE as well.  

 

Prior to the production of mice carrying the mutation W93C in Best1, an acute model was 

generated in rats through the use of replication-defective adenoviral vectors [59]. In this 

model, rats received subretinal injections of adenoviral vectors encoding for Best1 or the 

two BVMD-associated mutants R218C and W93C. The LP, which is a measure of the 

depolarization of the RPE in response to light and involves Ca2+ signaling, was then 

recorded in these transduced animals. While overexpression of R218C failed to impact 

the LP response, rats expressing W93C exhibited a reduced LP amplitude that was shifted 
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right on the luminance axis [59]. Given the known role of Ca2+ in generating the LP 

[55,60], the W93C mutant may alter the LP response through unique changes in Ca2+ 

signaling. This theory is strengthened by the findings that both W93C knock-in mice and 

human patients suffering from BVMD are marked by a diminished LP [56]. Furthermore, 

Best1 KO mice exhibit enhanced LP luminance responsiveness [55]. Relevant to Best1’s 

ATP-dependent ability to regulate [Ca2+]i following a stimulus,  application of 

extracellular ATP to RPE cells induces a Cl- conductance across the basal membrane of 

the RPE [15,58]. As such, Best1 may affect the LP through ATP-dependent changes in 

Ca2+ signaling. 

 

RPE cells express L-type voltage-dependent Ca2+ channels (VDCCs), which are typically 

comprised of Cav-subunits (α1-subunits), β, α2δ, and occasional γ-subunits [61,62]. The 

β, α2δ, and γ subunits play important roles in the transport of the pore-forming α1 

subunits to the membrane and can also interact with regulatory proteins such as kinases. 

The α1/Cav1.3, ß2, β4, and all known α2δ subunits which comprise an L-type VDCC are 

expressed in the RPE [61,62]. Like BVMD patients, the LP is reduced in rats and mice 

treated with the VDCC blocker nimodipine as well as mice lacking the β4 or Cav1.3 

subunits [55,60]. Thus, Best1 may regulate intracellular Ca2+ levels through modulation 

of L-type VDCCs.  

 

Numerous cell culture studies favor the supposition that Best1 affects [Ca2+]i by 

regulating VDCCs. Through use of Western blotting and whole cell patch-clamp 
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experiments, Rosenthal et al. reported that endogenous L-type VDCCs are present in the 

RPE cell line RPE-J and that these cells are sensitive to nimodipine [63]. The authors 

then transfected Best1 into these cells and probed for any changes in L-type channel 

properties. Cells expressing Best1 exhibited faster activation kinetics and their voltage-

dependent activation of Ba2+ currents shifted to more negative values (Ba2+ is often used 

in lieu of Ca2+ as VDCCs are subject to rapid, Ca2+-dependent inactivation). Transfecting 

RPE-J cells with the R218C or W93C mutants led to distinct changes in VDCC kinetics 

compared to cells expressing WT Best1. The R218C mutant hastened activation and 

inactivation kinetics while W93C oppositely slowed them [63]. 

 

Additional studies in heterologous cells have confirmed that Best1 regulates VDCC 

currents and that disease-causing mutations can impact Best1’s ability to do so. The ß 

subunit is required for Best1 to exert this effect and, consistent with this, Best1 and the ß 

subunit co-localize and co-immunoprecipitate with each other in transfected cells. 

Several binding motifs in the large, intracellular C-terminal region of Best1 have been 

identified that define this interaction, and deletion of amino acids in this region impairs 

the ability of Best1 and the ß subunit to interact [20,64,65,66]. Co-expression of Best1 

with Cav1.3 and either ß3 or ß4 was also reported to result in more efficient membrane 

trafficking of Best1 [66]. 

 

More recent studies also demonstrate that Best1 activity can affect intracellular Ca2+ 

stores, and that Best1 may interact with stromal interaction molecule 1, an endoplasmic 
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reticulum resident and sensor of Ca2+ stores [67,68,69]. Whether these changes in Ca2+ 

homeostasis are independent of Best1’s anion channel activity or regulation of VDCCs is 

unknown and requires further investigation. Although numerous details remain to be 

illuminated, the cell culture and animal data are aligned in that they find a role for Best1 

in being a critical regulator of intracellular Ca2+ levels. 

  

Disease Pathogenesis of the Bestrophinopathies 

Despite over a decade of research, how mutations in BEST1 cause disease and how Best1 

dysfunction varies amongst the five bestrophinopathies remains unknown. It has been 

previously theorized that disrupted anion transport may underlie the pathogenesis of these 

retinal degenerative diseases. This theory is supported by a large body of data in 

transfected HEK293 cells, where all disease-associated mutations ablate or significantly 

diminish the associated anion channel activity of Best1 (reviewed in [1,53]). This is 

unlikely to differentiate between the bestrophinopathies, as numerous mutants associated 

with BVMD, AVMD, ARB, and RP all exhibit significantly diminished anion channel 

activity [1,2,22,53,70]. Moreover, some recessive ARB mutants suppress the Cl- activity 

of WT Best1 when co-expressed together, suggesting that loss of Best1 anion channel 

activity alone is insufficient to cause disease [70].  

 

Similarly, BEST1 mutations may induce pathology by disrupting intracellular Ca2+ 

signaling, leading to the disruption of other signaling pathways and cellular processes 

[2,53]. This is certainly possible, as mutants associated with BVMD, AVMD, and ARB 
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have been shown to alter VDCC properties and/or intracellular Ca2+ levels 

[20,56,63,64,67]. Whether or not mutations causal for ADVIRC and RP impact 

intracellular regulation of Ca2+ remains to be determined. Similarly, it remains unknown 

if unique effects on [Ca2+]i signaling can differentiate between the bestrophinopathies.  

 

Although substantial progress has made since the discovery of the BEST1 gene in 1998, it 

remains unclear what mechanisms underlie dysfunctional anion channel activity and/or 

altered [Ca2+]i signaling and why BEST1 mutations cause five different disease 

phenotypes. We posit that ARB, being a recessive disease, may be caused by an inability 

of Best1 mutants to form multimers with WT Best1. This would explain why patients 

heterozygous for WT Best1 and an ARB mutant are healthy and show no ocular 

pathology, as these patients would have an unhindered copy of Best1. This is the case for 

recessive myotonia caused by mutations in chloride channel protein 1, where some 

truncation mutants are unable to oligomerize with WT subunits [71]. Thus, we 

hypothesize that ARB is mechanistically marked by defective oligomerization, and that 

ARB mutants are unable to oligomerize effectively with WT Best1. It also remains 

possible that an inability to form multimers underlies at least some BVMD, AVMD, 

ADVIRC, and/or RP mutants as well. 

 

It was recently shown that, in stably transfected, polarized Madin-Darby canine kidney 

(MDCK) epithelial cells, numerous BVMD mutants failed to traffic to the plasma 

membrane and accumulated in the cytoplasm. More precisely, nine out of 13 BVMD 
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mutants did not integrate into the plasma membrane and were mistargeted [72]. Defects 

in trafficking have been reported to underlie other channelopathies, including cystic 

fibrosis due to dysfunction of the Cl- channel cystic fibrosis transmembrane conductance 

regulator [73]. Moreover, in collaboration with the lab of Dr. David Schlessinger, we 

recently showed that Best2 localizes to the plasma membrane of secretory cells in sweat 

glands and that Best2 KO mice suffer from anhidrosis, or an ability to sweat. This 

demonstrates that the absence of a bestrophin can lead to a disease phenotype [11]. Since 

the absence of Best2 results in disease and defects in trafficking and oligomerization 

underlie other channelopathies, we theorized that defects in these parameters would 

underlie and distinguish between the five bestrophinopathies. 

 

Specifically, my hypotheses were the following:  

1. Defects in Best1 localization can distinguish between the five diseases caused 

by mutations in BEST1. 

2. Defects in Best1 oligomerization can distinguish between the five diseases 

caused by mutations in BEST1. 

 

With these hypotheses in mind, we sought to test if differences in localization and 

oligomerization could distinguish between the bestrophinopathies. Although we found 

that none of these diseases were associated with defects in oligomerization, we observed 

distinct localization phenotypes between different diseases. Our mutant screen also 

generated novel insights into the quaternary structure of Best1 multimers and amino acids 
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regions which govern Best1’s trafficking to the plasma membrane. The results of 

published papers or papers in press are summarized in the next section, and more detailed 

findings and descriptions can be found in the manuscripts in the appendices. 
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CHAPTER 2: PRESENT STUDY 

This chapter serves to summarize the methods, results, significant findings, and my 

specific contributions of the papers presented in the appendices. Further details can be 

found in the appended papers. The first paper (Appendix A), entitled “Forkhead 

transcription factor FoxA1 regulates sweat secretion through Bestrophin 2 anion channel 

and Na-K-Cl cotransporter 1”, was published in Proceedings of the National Academy of 

Sciences in 2012 [11]. The second paper (Appendix B), entitled “Differential effects of 

Best disease causing missense mutations on bestrophin-1 trafficking”, was published in 

Human Molecular Genetics in 2013 [74]. The third paper (Appendix C), entitled 

“Disease-causing mutations associated with four retinopathies exhibit disparate effects on 

the localization, but not the oligomerization, of Bestrophin-1,” has been accepted for 

publication in Experimental Eye Research and is in press. 

 

Summary of Paper 1: Forkhead transcription factor FoxA1 regulates sweat 

secretion through Bestrophin 2 anion channel and Na-K-Cl cotransporter 1 

It was previously found that the forkhead transcription factor FoxA1 is expressed at high 

levels in maturing mouse sweat glands, but not in skin epidermis and hair follicles [75]. 

FoxA1 is involved in water reabsorption in mesoderm-derived kidney [76] and also 

contributes to the development of endoderm-derived organs [77,78,79,80,81]. Thus, there 

is compelling evidence indicating that FoxA1 may play an important role in sweat glands. 
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In this manuscript [11] (Appendix A), we demonstrate via histological analysis that skin-

specific FoxA1-deficient (FoxA1-mu) mice develop fully formed sweat glands. FoxA1-

mu mice were generated by crossing FoxA1loxP/loxP mice with transgenic mice bearing 

Krt14-promoter-driven Cre. Interestingly, the lumens and ducts of these glands were 

entirely blocked by amorphous, eosinophilic protein. Consistent with the latter finding, 

iodine-starch sweat tests showed that FoxA1-mu mice suffer from anhidrosis, or an 

inability to sweat. Immunofluorescence staining revealed that FoxA1 was expressed in 

the nuclei of scattered, dark secretory swells. Expression profiling was then performed on 

footpad skin, which is the sole site of sweat glands in mice. As measured by microarray 

and quantitative RT-PCR, both Best2 and Na+-K+-Cl- co-transporter 1 (Nkcc1) were 

significantly downregulated in FoxA1-mu mice, although Best2 expression was more 

sharply decreased. 

 

Best2 protein was detected in the plasma membrane of FoxA1+ secretory cells via 

immunofluorescence staining and was also detectable by Western blotting. In contrast, 

Best2 protein was undetectable and Best2 mRNA was at background in FoxA1-mu mice. 

Similarly to FoxA1-mu mice, Best2-/- also suffered from anhidrosis and exhibited 

eosinophilic staining of material in lumens and ducts of fully formed sweat glands. Nkcc1 

mRNA and protein expression were attenuated in FoxA1-mu mice, as measured by 

quantitative RT-PCR and immunostaining. Unlike Best2, Nkcc1 expression levels were 

still detectable, however, indicating that transcription and translation of Nkcc1 is not 

wholly dependent on FoxA1. Nkcc1 was found in the plasma membranes of all FoxA1+ 
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and some FoxA1- secretory cells. Both FoxA1 and Nkcc1 were normally expressed in 

Best2-/- mice, indicating that regulation of Nkcc1 occurs independently of Best2. 

 

In summary, we show that FoxA1 is a master regulator of sweat secretion in mice. Both 

Best2 and Nkcc1 are expressed in sweat glands, are activated by FoxA1, and work in 

concert to mediate sweat secretion. We infer from these findings that Best2 catalyzes a 

Ca2+-sensitive HCO3
- gradient that helps drive ionic transport, while the Nkcc1 co-

transporter facilitates the exchange of ions into sweat. In addition to showing that the 

absence of Best2 can result in a disease phenotype, these data are corroborative of 

previous work demonstrating that Best2 functions as a HCO3
- channel . 

 

For this project, our laboratory collaborated with the lab of Dr. David Schlessinger at the 

National Institute on Aging. Our laboratory contributed anti-Best2 antibodies, technical 

expertise, and Best2-/- mice, which have had the Best2 gene replaced with LacZ and have 

been previously described [82]. For my specific contribution, I performed X-gal staining 

on WT and Best2-/- mice footpads to assay for β-galactosidase expression indicative of 

Best2 expression. My findings and the resultant figure demonstrated that Best2 promoter-

driven β-galactosidase is active in scattered secretory cells of sweat glands in Best2-/-, but 

not WT mice. This is an important finding as it further validates that Best2 is expressed 

in sweat glands in situ. 
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Summary of Paper 2: Differential effects of Best disease causing missense mutations 

on bestrophin-1 trafficking 

It was previously shown that, in stably transfected MDCK cells, numerous BVMD 

mutants were mislocalized [72]. In contrast, BVMD mutants expressed in RPE in the rat 

eye via adenovirus-mediated gene transfer were properly localized to the basolateral 

plasma membrane [59]. Likewise, in iPSC-derived RPE from patients heterozygous for 

BVMD mutations, Best1 was found to be properly localized [67]. Unlike RPE, however, 

MDCK cells do not express endogenous Best1 [72,83]. Since Best1 is known to form 

homo-oligomers [51,52], it is possible that the presence of WT Best1 impacts mutant 

trafficking. Alternatively, since some proteins are known to traffic differently in MDCK 

and RPE [84], it is also possible that MDCK cells are not predictive of Best1 mutant 

localization in the RPE. 

 

To distinguish between these possibilities, we generated replication-defective adenoviral 

vectors encoding for WT Best1 and three common BVMD mutants: V9M, W93C, and 

R218C. Using whole-cell patch clamp, confocal microscopy, immunofluorescence, live-

cell FRET, and reciprocal co-immunoprecipitation experiments, we assessed the effects 

of these mutations on Best1. It has been previously shown that the BEST1 mutations 

W93C and R218C abolish Best1-associated anion conductance in transfected HEK293 

cells [20,72]. As measured by whole-cell patch clamp, we find that the V9M mutation 

also significantly diminishes the Best1 Cl- current and that, when co-expressed with WT 

Best1, dominantly suppresses the Cl- current of WT Best1 as well.  
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We then expressed WT and mutant Best1 in confluent, polarized MDCK cells via 

adenovirus-mediated gene transfer. Cells were stained for Best1 as well as nuclei and the 

endogenous apical plasma membrane protein gp135 for positional referencing. Through 

the use of confocal microscopy, X-Y and X-Z scans were taken to assess the localization 

of WT and mutant Best1. We found that WT and R218C Best1 were localized to the 

basolateral plasma membrane, while V9M and W93C were mislocalized to intracellular 

compartments. We then repeated this screen in confluent, polarized fetal human retinal 

pigment epithelial (fhRPE) cells, a primary cell culture model of RPE derived from 

human fetal eyes [85]. Fetal human RPE, unlike MDCK, express endogenous Best1. We 

found that, when we expressed WT and mutant Best1 in fhRPE cells via adenovirus-

mediated gene transfer, WT and R218C Best1 were again properly localized. 

Interestingly, V9M was still mislocalized, making it the first BVMD mutant found to be 

mislocalized in RPE. Even more interesting was that W93C, which was mislocalized in 

MDCK cells, was now properly localized in fhRPE cells. 

 

It has been previously shown that WT, W93C, and R218C Best1 are localized to the 

basolateral plasma membrane when expressed in RPE in the rat eye via adenovirus-

mediated gene transfer [59]. Since both fhRPE and rat RPE express endogenous Best1, 

we find the most likely explanation for the proper localization of W93C in fetal human 

and rat RPE is that endogenous Best1 can rescue the mislocalization of at least some 

BVMD mutants. This would require that WT and BVMD mutant Best1 be capable of 
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physical interaction. To test this, we performed reciprocal co-immunoprecipitation 

experiments between c-myc tagged WT Best1 and YFP-tagged mutant Best1. We found 

that, in doubly transfected MDCK cells, WT Best1-c-myc and V9M, W93C, and R218C 

Best1-YFP could co-immunoprecipitate with each other. We tested this further by 

performing live-cell FRET in MDCK cells between Best1-CFP and WT or mutant Best1-

YFP. The three BVMD mutants exhibited FRET efficiencies comparable to WT Best1 

that were significantly different than the positive (a CFP-YFP fusion protein) and 

negative (Best1-CFP co-expressed with YFP) controls. These data indicate that none of 

these BVMD mutations affect the ability of Best1 monomers to form oligomers.  

 

Since V9M is the first BVMD mutant shown to be unambiguously mislocalized in the 

presence of endogenous Best1, we further tested its localization by expressing it in RPE 

in the mouse eye by adenovirus-mediated gene transfer. We first tested if mouse and 

human Best1 were capable of interaction, however, as mouse RPE express endogenous 

Best1. We found that mouse Best1-GFP and untagged human Best1 could be reciprocally 

co-immunoprecipitated with each other. Moreover, we found that mouse Best1-CFP 

exhibited significant levels of live-cell FRET with WT and mutant human Best1-YFP. 

When expressed in the RPE of WT mouse eyes, V9M was largely cytoplasmic, 

confirming its mislocalization in situ. Finally, we co-expressed WT Best1 together with 

V9M or W93C and assessed co-localization via confocal microscopy and 

immunofluorescence. We found that V9M co-localized with WT Best1 predominantly in 

intracellular compartments. In contrast, co-expression of W93C and WT Best1 resulted in 
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localization of all Best1 to the plasma membrane. These results demonstrate that BVMD 

mutants and WT Best1 oligomerize with each other, consistent with the dominant nature 

of the disease. Moreover, they verify that mislocalization occurs in RPE and that WT and 

mutant Best1 can influence the localization of each other.  

 

I contributed the bulk of the data in this published manuscript. More specifically, I 

performed the majority of the confocal microscopy and immunofluorescence staining 

used to assess Best1 localization as well as all of the co-localization, FRET and 

reciprocal co-immunoprecipitation experiments. Excluding Best1-c-myc, I generated all 

of the tagged constructs and, in collaboration with the Gene Transfer Vector Core at the 

University of Iowa, generated all of the tagged replication-defective adenoviral vectors. I 

also made the majority of the figures and co-wrote the manuscript with my mentor. 

 

Summary of Paper 3: Disease-causing mutations associated with four 

bestrophinopathies exhibit disparate effects on the localization, but not the 

oligomerization, of Bestrophin-1 

Given we had assessed BVMD mutants in the previously discussed paper (Appendix B) 

[74], we were curious if defects in localization and oligomerization were associated with 

the other four bestrophinopathies. We wanted to know if any particular bestrophinopathy 

was consistently marked by mislocalization and/or a failure to form multimers. We also 

theorized that ARB, being a recessive disease, would be caused by an inability of 

recessive mutants to interact with and impact WT Best1.  
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To gain insights into the disease pathogenesis of the bestrophinopathies, we generated 28 

replication-defective adenoviral vectors encoding for 28 YFP-tagged mutants associated 

with AVMD, ARB, ADVIRC, and RP. We also generated an additional adenoviral vector 

encoding for WT Best1-c-myc. It was previously shown that the addition of a c-myc tag 

does not influence the associated Cl- conductance of Best1 in transfected HEK293 cells 

[52]. As such, we performed whole-cell patch clamp of CFP- and YFP- tagged Best1 in 

transfected HEK293 cells. We found that neither one of these tags abolished the ability of 

Best1 to mediate Cl- currents in this heterologous system. 

 

Since we had previously validated that MDCK cells are predictive of Best1 localization 

in the RPE (Appendix B) [74], we then expressed these mutants in confluent, polarized 

MDCK cells. Using confocal microscopy and immunofluorescence, we assessed mutant 

localization. We found that all ADVIRC and RP mutants were properly localized to the 

basolateral plasma membrane, indicating that mislocalization is not a hallmark of these 

diseases. The majority of ARB mutants and two AVMD mutants, however, accumulated 

in intracellular compartments and were mislocalized. When we co-expressed WT Best1-

c-myc with mislocalized, mutant Best1-YFP, we found that all mislocalized mutants 

predominantly co-localized with WT Best1 in intracellular compartments.  

 

All 28 mutants exhibited comparable FRET efficiencies to and reciprocally co-

immunoprecipitated with WT Best1 when transduced in confluent, polarized MDCK 
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cells. FRET efficiencies observed for WT Best1-CFP and WT or mutant Best1-YFP did 

not significantly differ from each other, but did significantly differ from the positive 

(CFP-YFP fusion protein) and negative (Best1-CFP and YFP) controls. Likewise, 

although WT Best1-c-myc could co-immunoprecipitate with WT and mutant Best1-YFP, 

neither Best1-c-myc or Best1-YFP could co-immunoprecipitate with gp135, an 

endogenous, apical plasma membrane protein expressed by MDCK cells. These results 

demonstrate that AVMD, ARB, ADVIRC, and RP are not associated with defects in 

oligomerization.  

 

In sum, we find that all ADVIRC and RP mutants localize to the basolateral plasma 

membrane while numerous AVMD and ARB mutants are mislocalized. Some AVMD 

and ARB mutants were, however, properly localized. All mutants, regardless of the 

associated disease, were capable of forming oligomers with WT Best1. That several 

recessive ARB mutants mislocalized WT Best1 indicates that mislocalization is not, on 

its own, pathogenic. Furthermore, data from ARB truncation mutants revealed important 

insights into the quaternary structure of Best1 as well as the amino acid regions which 

govern Best1’s trafficking to the plasma membrane. This and other aspects of this paper 

(Appendix C) are discussed in more detail in the subsequent chapter. 

 

I performed the vast majority of the work for this manuscript. Excluding three mutants 

used for initial localization assays, I generated all of the mutants and replication-defective 

adenoviral vectors in collaboration with the Gene Transfer Vector Core at the University 
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of Iowa. With exception of the same three mutants used for initial assessment of 

trafficking, I performed all of the confocal microscopy and immunofluorescence in the 

manuscript. All of the co-localization, live-cell FRET, and reciprocal co-

immunoprecipitation experiments were performed by me. With the exception of the 

whole-cell patch clamp figure, I generated all of the figures and wrote the entire 

manuscript, albeit my mentor provided changes and necessary edits.   
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CHAPTER 3: CONCLUDING REMARKS 

We previously demonstrated that Best2 KO mice suffer from anhidrosis, indicating that 

the absence of a bestrophin can result in a disease phenotype [11] (Appendix A). Given 

this and that defects in trafficking and oligomerization are known to underlie other 

channelopathies [71,73], we posited two hypotheses: 1) Defects in localization can 

distinguish between the five bestrophinopathies, meaning that some diseases will be 

consistently marked by mislocalization while others will be consistently marked by 

proper localization. 2) Defects in oligomerization can distinguish between the five 

bestrophinopathies. Specifically, ARB, being a recessive disease, would be unable to 

oligomerization with WT Best1 effectively. 

 

Although we find that ADVIRC and RP mutants all localize to the basolateral plasma 

membrane (Appendix C), most but not all BVMD, AVMD, and ARB mutants were 

mislocalized [74] (Appendices B and C). Moreover, all tested mutants were capable of 

forming oligomers with WT Best1 [74] (Appendices B and C), indicating that none of the 

bestrophinopathies are characterized by oligomeric defects and that our second 

hypothesis was false. Our first hypothesis was partially true, however, as, in terms of 

localization, ADVIRC and RP are distinct from BVMD, AVMD, and ARB. BVMD, 

AVMD, and ARB were not consistently characterized by an inability to localize to the 

basolateral plasma membrane, however. As such, mislocalization cannot differentiate 

between these diseases.  
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In Appendix B [74], we began our screen by assessing localization and oligomerization 

of three of the most common BVMD mutants: V9M, W93C, and R218C. We found that, 

in MDCK cells, BVMD mutants can be either properly localized to the basolateral 

plasma membrane (e.g., R218C) or mislocalized to intracellular compartments (e.g., 

V9M and W93C). In fhRPE cells and RPE in the mouse eye, V9M was again 

mislocalized, making it the first mutant identified to be unambiguously mislocalized in 

RPE. W93C, however, was properly localized in fhRPE, which express endogenous 

Best1. We demonstrated that WT Best1 rescues W93C to the plasma membrane and, 

conversely, that V9M dominantly mislocalizes WT Best1. This is the first study 

examining the localization of mutants co-expressed with WT Best1, and the first study to 

demonstrate that WT and mutant Best1 can influence the localization of each other. 

Consistent with the dominant nature of BVMD, we also find that tested BVMD mutants 

can physically interact with WT Best1 [74] (Appendix B). Thus, the autosomal dominant 

nature of BVMD is likely due to mutant Best1 oligomerizing with and altering the 

function of WT Best1. These data provide critical insights into the pathogenesis of 

BVMD. With regard to our central hypotheses, all tested BVMD mutants could form 

oligomers with WT Best1 and some, but not all, BVMD mutants were mislocalized. 

Thus, BVMD is not consistently characterized by mislocalization and other pathogenic 

mechanisms are involved.  

 

We also demonstrate that, when co-expressed with WT Best1, MDCK cells are a 

predictive model of Best1 localization in the RPE. For example, the V9M mutant is 
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mislocalized in MDCK cells, fhRPE cells, and RPE in the mouse eye while R218C is 

properly localized in both MDCK cells, fhRPE cells [74] (Appendix B), and RPE in the 

rat eye [59]. W93C is mislocalized in MDCK cells, yet properly localized in fhRPE cells 

[74] (Appendix B) and in RPE in the rat eye [59]. Moreover, W93C is properly localized 

to the basolateral plasma membrane when co-expressed with WT Best1 [74] (Appendix 

B). As such, our data validate the use of MDCK cells in place of RPE for studying 

mutant trafficking of Best1. 

 

We find that all ADVIRC and RP mutants are properly localized to the basolateral 

plasma membrane (Appendix C). Since all four ADVIRC mutants lie near intron-exon 

boundaries, it has been postulated that ADVIRC may be caused by splicing defects, and 

data from an in vitro splicing assay supports this [21,86]. Although this has yet to be 

confirmed in tissue, our data show that other pathogenic mechanisms besides 

mislocalization underlie ADVIRC. This extends to RP as well, where mistargeting is 

clearly not an etiological component of the disease (Appendix C). Unlike the other 

bestrophinopathies, these diseases both predominantly affect the peripheral retina. Given 

this and that all known ADVIRC and RP mutants are properly localized, it is possible that 

these diseases manifest through similar mechanisms. It is also possible that ADVIRC and 

RP due to BEST1 mutations are manifestations of the same disease and further efforts are 

merited to test this hypothesis. We suggest this because, unlike the other 

bestrophinopathies, there is only one report of RP due to BEST1 mutation in a small 

number of individuals [22]. 
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We found that, like BVMD, some but not all AVMD mutants were mislocalized to 

intracellular compartments (Appendix C). This is not surprising, given that AVMD is 

considered to be a milder manifestation of BVMD and is clinically distinguished from 

BVMD by normal EOG recordings [2]. Similarly, the majority of, but not all, ARB 

mutants were cytoplasmic. Co-expression of mislocalized AVMD and ARB mutants with 

WT Best1 resulted in co-localization of both proteins in intracellular compartments 

(Appendix C), similar to what was previously observed for V9M co-expressed with WT 

Best1 [74] (Appendix B). Although mislocalization is clearly a common result of BEST1 

mutation, our data would indicate that mislocalization is insufficient to cause disease. 

This is likely true for two principal reasons: First, mislocalization is a hallmark of 

BVMD, AVMD, and ARB, demonstrating that an inability to localize to the plasma 

membrane is insufficient to differentiate between clinically distinct bestrophinopathies 

[74] (Appendices B and C). While mislocalization may be an etiological component of 

some mutants, it alone cannot generate one disease phenotype over another. Secondly, 

several ARB mutants mislocalized WT Best1 when co-expressed together (Appendix C). 

This was a curious finding, as ARB is a recessive disease. That recessive mutants would 

mislocalize WT Best1, yet not be pathogenic in a heterozygous patient, indicates that 

mislocalization of Best1 cannot cause disease. As such, we conclude that the absence of 

Best1 at the plasma membrane is well tolerated. Unique gain of function mechanisms 

likely underlie and differentiate between the five bestrophinopathies.  
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 The ARB mutants L472PfsX10 and H490QfsX24 are early truncation mutants with early 

stop codons at positions 481 and 513, respectively. These mutants are both properly 

localized (Appendix C) and, since L472PfsX10 is a frameshift mutation at position 472, 

our data indicate that amino acids 472-585 are not necessary for proper trafficking. To 

determine if there was a correlation between protein regions and Best1 trafficking, we 

highlighted amino acids reported to be properly localized or mislocalized in the two 

known topology models of Best1 in Appendix C. Our data [74] (Appendices B and C) 

and the data of Milenkovic et al. [72] find that the Best1 mutants T6P, V9M, L21V, and 

W24V in the intracellular N-terminus and the Best1 mutants F305S, V311G, D312N, and 

V317M in the early, intracellular C-terminal region are all mislocalized. As such, these 

protein regions may contain critical signals which dictate Best1’s trafficking to the 

plasma membrane. Additional studies should be performed to determine if a sorting 

signal exists in the intracellular N-terminus or the early, intracellular C-terminus. No 

other regions common to both models clearly correlated mislocalization. 

 

An unexpected finding was that, like BVMD [74] (Appendix B), all 28 AVMD, ARB, 

ADVIRC, and RP mutants tested could oligomerize with WT Best1, including the four 

ARB mutants with early stop codons (Appendix C). It was previously theorized that, 

because it is a recessive disease, ARB may be caused by defects in oligomerization [53]. 

Our data show that all 31 tested mutants associated with BVMD, AVMD, ARB, 

ADVIRC, and RP can all reciprocally co-immunoprecipitate with and exhibit comparable 

FRET efficiencies to WT Best1. Furthermore, mislocalized BVMD, AVMD, and ARB 
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mutants all robustly co-localized with WT Best1. As such, we conclude that none of the 

mutations tested disrupt the ability of Best1 monomers to form oligomers. 

 

Although our hypothesis involving oligomerization was wrong, our screen yielded new 

insights into the quaternary structure of Best1 multimers. The ARB mutants L174Qfs*57 

and R200X are mutations which result in early stop codons at positions 230 and 200, 

respectively. They co-localize, reciprocally co-immunoprecipitate, and exhibit live-cell 

FRET with WT Best1 (Appendix C). Since L174Qfs*57 is a frameshift mutation at 

position 174, our data demonstrate that the first 174 amino acids are sufficient to mediate 

oligomerization with Best1. This is congruent with our previous findings, which show 

that mouse and human Best1 are capable of physical interaction, despite having distinctly 

different C-terminal domains [74] (Appendix B).  It was also reported by Sun et al. [52] 

that deleting 215 acids in the C-terminus of Rim-tagged Best1 did not alter its ability to 

co-immunoprecipitate with WT Best1-c-myc. As such, Best1 homo-oligomer formation 

is likely mediated by the first 174 amino acids of the bestrophin domain (Appendix C). 

 

It was previously shown that the addition of a c-myc tag to the C-terminus of Best1 does 

not affect its ability to function as a channel [52]. Since we made extensive use of CFP- 

and YFP-tagged Best1 constructs in Appendices B [74] and C, we wanted to confirm that 

the addition of these tags did not alter the function of Best1. In collaboration with Dr. 

Paolo Tammaro at the University of Oxford, we show that tagging the C-terminus of 

Best1 with either CFP or YFP does not mitigate its ability to mediate Cl- currents in 
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transfected HEK293 cells (Appendix C).  This is consistent with the results of our screen, 

which show that these tags do not disrupt the ability of Best1 to traffic to the plasma 

membrane or form homo-oligomers (Appendices B and C) [74]. Thus, the addition of 

these tags does not impact the ability of Best1 to function as an anion channel. 

 

Since data in this dissertation failed to mechanistically distinguish between the 

bestrophinopathies, further studies are warranted to determine why BEST1 mutations can 

cause five, clinically distinct forms of retinal degeneration. For example, although we 

found that mislocalization was associated with three different diseases (Appendices B 

and C) [74], we did not investigate specific patterns of localization for different mutants. 

It has been previously shown that some mislocalized ARB mutants are targeted to the 

proteasome, while others do not intersect with the proteasomal pathway [70]. This 

suggests the possibility that some mislocalized mutants traffic to different compartments 

(e.g., lysosomes, proteasomes, autophagosomes) and are handled differently by the cell. 

We also did not assess the functional consequences – such as cell loss – of 

mislocalization in RPE. Differences in compartmental trafficking and functional 

consequences of mislocalization in RPE could distinguish mislocalized mutants from 

each other, and potentially mislocalization in different diseases. 

 

Unique changes in Ca2+ homeostasis could also theoretically differentiate mutants 

associated with different diseases. To date, only the effects of BVMD-causing mutations 

on intracellular Ca2+ signaling have been investigated in RPE [55,56,67]. It remains 
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unknown whether or not AVMD, ARB, RP, and ADVIRC mutations abnormally impact 

[Ca2+]i of RPE cells following stimulation with ATP. Likewise, it has been shown that, in 

a heterologous system, Best1 physically interacts with and regulates the activity of L-type 

VDCCs. This interaction is mediated by the large, cytoplasmic C-terminus [63,65,66]. 

Although these in vitro findings should first be confirmed in RPE cells, it remains 

possible that some mutants (particularly the ARB mutants with early stop codons) show 

impaired interaction with VDCCs and are unable to regulate their activity. This could be 

another mechanism which distinguishes some diseases from others. 

 

Best1 is also regulated by phosphorylation and is dephosphorylated by protein 

phosphatase 2A (PP2A). In porcine RPE, Best1 directly interacts with PP2A, and this 

interaction is mediated by the C-terminus [87]. Differential effects of mutations on 

protein phosphorylation or interaction with PP2A could potentially distinguish mutations 

from each other. Similarly, BEST1 and its upstream promoter have numerous putative 

DNA methylation sites, and mutations at these sites likely affect epigenetic regulation of 

BEST1 expression. Given the large size of the intracellular C-terminus, Best1 likely has 

other binding partners which impact its expression and activity levels. Further work 

uncovering the modulation of Best1 and the effects of BEST1 mutations on this 

regulation should be conducted. Although it’s unlikely that regulatory differences could 

distinguish all of the mutants associated with one disease from the rest, defects in 

regulation could mechanistically underlie the pathogenesis of some specific mutants. 
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It is also possible that mutations in BEST1 do not actually cause five, clinically distinct 

forms of inherited retinal degeneration. BVMD and AVMD, for example, are nearly 

identical diseases. The age of onset for AVMD mutants is typically later, however, and 

AVMD patients often show normal EOG recordings. However, the age of disease onset 

for BVMD patients is highly variable, even within the same family carrying the same 

mutation [23]. Some 7-9% of all patients harboring BVMD mutations are asymptomatic 

and never display signs of disease [2,23]. There have also been reports of AVMD patients 

with subnormal EOGs and BVMD patients with normal to near-normal EOGs [23]. This, 

combined with the fact that two AVMD mutations have been independently reported to 

cause BVMD (http://www-huge.uni-regensburg.de/BEST1_database), suggests that 

BVMD and AVMD are likely the same disease. Clinically distinguishing these two 

pathologies from each other may be an unnecessary complication, and the clinical 

justification for separating AVMD from BVMD should be re-examined. 

 

Similarly, RP and ADVIRC both stand out in that they both predominantly affect the 

peripheral retina and are characterized by pigmentary abnormalities [21,22]. This is 

distinct from BVMD, AVMD, and ARB, which are diseases of the central retina/macula 

[23]. Furthermore, there is only one published report of a small group of RP patients with 

BEST1 mutations. Thus, it remains possible that these patients had RP due to some other 

cause and coincidentally harbored BEST1 mutations. One of the mutations identified 

(L140V), was previously observed in a patient with ARB [22]. Another mutation, 

Y227C, was independently reported to cause BVMD by a different group [17]. Thus, 

http://www-huge.uni-regensburg.de/BEST1_database
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mutations in BEST1 may not cause RP, and further studies are warranted to test this 

hypothesis. 

 

In sum, we provide insights into the disease pathogenesis of all five bestrophinopathies. 

The etiology of these diseases, however, remains poorly understood. Data prior to this 

dissertation has ruled out the possibility that loss of anion channel activity can 

differentiate between the bestrophinopathies. We add to this, finding that mislocalization 

cannot distinguish between BVMD, AVMD, ARB, ADVIRC, and RP, and that recessive 

Best1 mutants mislocalize WT Best1 when co-expressed, demonstrating that the absence 

of Best1 from the plasma membrane is well tolerated. It is possible that unique alterations 

in Ca2+ homeostasis, regulation, interacting partners, and/or other factors may 

mechanistically differentiate one disease from another. Future studies should be 

performed to determine the pathogenesis of disease-causing BEST1 mutations. 
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Abstract 

Body temperature is maintained in a narrow range in mammals, primarily controlled by 

sweating. In humans, the dynamic thermoregulatory organ, comprised of 2–4 million 

sweat glands distributed over the body, can secrete up to 4 L of sweat per day, thereby 

making it possible to withstand high temperatures and endure prolonged physical stress 

(e.g., long-distance running). The genetic basis for sweat gland function, however, is 

largely unknown. We find that the forkhead transcription factor, FoxA1, is required to 

generate mouse sweating capacity. Despite continued sweat gland morphogenesis, 

ablation of FoxA1 in mice results in absolute anihidrosis (lack of sweating). This inability 

to sweat is accompanied by down-regulation of the Na-K-Cl cotransporter 1 (Nkcc1) and 

the Ca2+-activated anion channel Bestrophin 2 (Best2), as well as glycoprotein 

accumulation in gland lumens and ducts. Furthermore, Best2-deficient mice display 

comparable anhidrosis and glycoprotein accumulation. These findings link earlier 

observations that both sodium/potassium/chloride exchange and Ca2+ are required for 

sweat production. FoxA1 is inferred to regulate two corresponding features of sweat 

secretion. One feature, via Best2, catalyzes a bicarbonate gradient that could help to drive 

calcium-associated ionic transport; the other, requiring Nkcc1, facilitates monovalent ion 

exchange into sweat. These mechanistic components can be pharmaceutical targets to 

defend against hyperthermia and alleviate defective thermoregulation in the elderly, and 

may provide a model relevant to more complex secretory processes. 

 

Introduction 
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Sweat glands provide the major organ cooling down body temperature in humans 

exposed to a hot environment, physical exercise, or fever. Each sweat gland is a single 

tube consisting of functionally distinctive duct and secretory portions. A sweat duct 

comprises a helix-shaped epidermal duct, a straight dermal duct, and a short coiled 

extension of the dermal duct continues into a coiled secretory portion (Fig. 1C). The 

secretory portion, primed to respond to stimulation from sympathetic nerves, includes 

“clear” and “dark” secretory cells and supportive myoepithelial cells (1). 

 

The clear and dark cells secrete primary sweat that is isotonic, similar to plasma (2). The 

ionic content of primary sweat is then partially reabsorbed, mainly in the coiled sweat 

duct, resulting in hypotonic final sweat (2). The dynamic process of sweat secretion is 

thought to involve two primary forms of transport. Na-K-Cl cotransport is thought to play 

an imperative role in mediating sweat secretion. In addition, less-studied Ca2+-dependent 

transport, largely separated from the Na-K-Cl system, is absolutely required for sweat 

secretion. To date, however, no model has integrated these two features. 

 

First molecular insights into the sweating apparatus came from the study of anihidrotic 

ectodermal dysplasia (EDA), a disorder that is caused by mutations in Eda pathway genes 

(3), most often in ectodysplasin, the product of the EDA gene (4). Sweat glands develop 

in a cascade pathway initiated by Wnt/Eda and involving intermediate stages regulated by 

factors that include the secreted morphogen sonic hedgehog. A hint to the unique 

mechanism of sweating was the finding of high expression of the forkhead transcription 
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factor, FoxA1, in maturing mouse sweat glands but not in hair follicles or skin epidermis 

(5). FoxA1 is known to aid in development of endoderm-derived organs (6–10), and was 

shown to be involved in water reabsorption in mesoderm-derived kidney (11). Its 

unexpected expression in the ectoderm-derived sweat glands prompted us to study its 

possible role there. Here we show that FoxA1 is a master regulator of sweat secretion, 

working through the Best2 anion channel and Nkcc1 ion cotransporter. 

 

Results 

Skin-Specific FoxA1-Deficient Mice Show Absolute Anhidrosis with Striking 

Accumulation of Periodic Acid-Schiff–Positive Glycoproteins in Sweat Gland 

Lumens and Ducts 

To study FoxA1 function in sweat glands, we generated skin-specific FoxA1-deficient 

(FoxA1-mu) mice by crossing FoxA1loxP/loxP mice (12) with transgenic mice 

bearing Cre driven by a Krt14 promoter. The resultant mutant mice lack the 

critical FoxA1 exon 2 (forkhead domain) specifically in the skin (Fig. S1A). TheFoxA1-

mu mice were grossly similar to control littermates. However, iodine-starch sweat tests 

revealed striking anhidrosis (Fig. 1A). Histological analysis showed anatomically fully 

formed sweat glands (Fig. 1B), with lumens and all ducts, including epidermal ducts in 

the outermost stratum corneum layer of skin, were entirely blocked by amorphous 

eosinophilic protein (Fig. 1 B and C). Time-course studies revealed that morphological 

alterations were detectable in mutant mice as early as postnatal day 10 (P10) (Fig. S1B). 

Eosinophilic protein was discernible in lumens by P8 in both control and mutant mice, 
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but disappeared in the control mice concomitant with lumen opening at P10. In 

the FoxA1-mu mice, eosinophilic proteins persisted (Fig. S1B). 

 

The eosinophilic material proved to contain the periodic acid-Schiff (PAS)–positive and 

diastase-resistant sweat glycoproteins (Fig. 1D), which are produced by dark secretory 

cells (compare with Fig. 2, Left) (13). 

 

FoxA1 Is Expressed in the Dark Secretory Cells 

By coimmunostaining with Krt8 and Krt14, markers for sweat-gland secretory cells and 

myoepithelial cells, we found FoxA1 to be expressed in the nuclei of scattered secretory 

cells (Fig. S1C). In a control experiment, we confirmed that FoxA1 was not expressed in 

hair follicles or skin epidermis (Fig. S1D). Coimmunostaining with S100 and carbonic 

anhydrase II (CA II), clear cell markers, and the calcitonin gene-related peptide (CGRP), 

highly expressed in the dark cells of human sweat glands (14, 15), revealed exclusive 

expression of FoxA1 in the S100−, CA II−, CGRP+ secretory cells (Fig. 2). Thus, FoxA1 

is inferred to be expressed in dark cells. FoxA1-mu sweat glands expressed all five cell 

markers analyzed, consistent with histological findings of fully formed sweat glands in 

these mice (Fig. 2 and Fig. S1C). These findings suggested that FoxA1+ dark cells are 

primary instigators of sweat secretion. 
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Expression Profiling Revealed Sharp Down-Regulation of Best2 in the FoxA1-mu 

Sweat Glands 

To characterize the role of FoxA1 on a molecular level, we assessed its downstream 

effector genes in sweat glands. Expression profiling was done on footpad skin, the only 

site of sweat glands in mice. Footpads were sampled from control and FoxA1-mu mice at 

P10, P14, and P31, representing the normal times of lumen opening, completion of gland 

development, and steady-state function. In addition to FoxA1, only expression of Best2, 

9930023K05Rik, and Nkcc1 was significantly affected by microarray and quantitative 

RT-PCR (qRT-PCR) in FoxA1-mu mice at all three time-points (Fig. 3A and Fig. 

S2 A and C). Best2, a Ca2+-activated anion channel, and Nkcc1, encoding the Na-K-Cl 

cotransporter, were particularly suggestive for an involvement in sweating, and were 

studied further. 

 

As expected, Eda, upstream of FoxA1, was unchanged in its expression in FoxA1-mu 

sweat glands by qRT-PCR analysis (Fig. S2B), whereas FoxA1 expression was at 

background (Fig. 3B). Best2, the gene most strikingly affected among the three 

consistently altered (Fig. S2A), was down-regulated more than 10-fold (Fig. 3C). Best2 is 

of particular interest because it was recently shown to regulate bicarbonate transport in 

the colon (16), and failure of bicarbonate transport was the only defect found 

in Best−/− mice. Although not previously reported in skin, Best2 has also been found in 

parotid gland (17) and ciliary body in the eye (18), tissues also involved in secretory 

processes. By immunostaining, we found Best2 expression in control sweat glands, 
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exclusively in the basolateral and apical membranes of FoxA1+ secretory cells (Fig. 3E). 

In contrast, both in Western blot assay (Fig. 3D) and immunostaining (Fig. 3E), it was 

totally undetectable in FoxA1-mu footpads. 

 

Best2−/−-LacZ Mice Display Essentially Identical Sweat-Gland Phenotypes 

with FoxA1-mu Mice 

If Best2 is a critical target of FoxA1 in the sweat glands, it should mediate all or part of 

FoxA1 function. We therefore examined Best2−/−-LacZ mice, in which the Best2 gene is 

replaced by LacZ (18). These mice indeed showed highly defective sweating in sweat 

tests, ranging from severe to complete anhidrosis (Fig. 4A). In qRT-PCR assays, we 

found that Best2 mRNA was essentially gone in Best2−/−-LacZ sweat glands (Fig. 4B). As 

in FoxA1-mu mice, sweat glands were fully formed in the Best2−/−-LacZ mice, although 

lumens and ducts were much narrower in the mutant mice (Fig. 4C). Eosinophilic, PAS-

staining material again accumulated in the lumens and ducts (arrows in Fig. 4 C–E), 

although less severely than in FoxA1-mu mice. 

 

Through X-Gal staining, Best2 promoter-driven β-galactosidase was found to be active in 

a group of scattered secretory cells in the Best2−/−-LacZ mice (Fig. S3A). In 

immunostaining, Best2 was at background levels in Best2−/−-LacZ sweat glands, but 

FoxA1 was normally expressed, consistent with its regulatory position upstream of Best2 

(Fig. 4F). Furthermore, β-galactosidase was exclusively expressed in the cytosol of 

FoxA1+ secretory cells in the Best2−/−-LacZ mice (Fig. S3B), in agreement with Best2 
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protein localization in control sweat glands (Fig. 4F). Best2 is thus a primary effector 

responsible for the anhidrosis caused by ablation of FoxA1. 

 

Nkcc1 Is Significantly Down-Regulated in the FoxA1-mu Sweat Glands 

Nkcc1, a major effector in the current ionic Na-K-Cl cotransporter model for cholinergic 

sweat secretion stimulated by muscarinic agents in vitro (2), is expressed in basolateral 

membranes of secretory cells (19). By immunostaining in control sweat glands with two 

different antibodies against N- and C-terminal Nkcc1 epitopes, we confirmed that all 

FoxA1+ and some FoxA1− secretory cells express Nkcc1 in their basolateral membranes 

(Fig. S3C). In contrast, FoxA1-mu sweat glands showed down-regulation of Nkcc1 

mRNA about twofold by microarray and qRT-PCR (Fig. S2 A and C), and its protein 

level, assayed by immunostaining, was sharply reduced (Fig. S3C). The weak staining 

was seen in all secretory cells, perhaps indicating a general posttranscriptional 

dependence of Nkcc1 protein levels on FoxA1. 

 

As expected, Nkcc1, like FoxA1, was normally expressed in Best2−/−-LacZ sweat glands 

by microarray and qRT-PCR assays (Fig. S3D). As in control sweat glands (Fig. S3C), 

Nkcc1 immunostaining was seen in basolateral membranes of both secretory cells 

expressing and those not expressing FoxA1. Therefore, regulation of Nkcc1 levels by 

FoxA1 is independent of Best2 action. 

 

Discussion 
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Sweat glands, as the smallest but robust secretory organ, has attracted study of its 

operating mechanism for more than half a century (2). The earliest leak-pump model was 

replaced in the 1970s by the Na-K-Cl cotransport model, now widely accepted for the 

predominant cholinergic sweat secretion (1, 2). However, the mechanism, especially the 

genetic regulation of sweating, has been largely unknown. In this study, we found that a 

FoxA1-Best2 cascade, along with the Nkcc1 cotransporter, is central for sweat secretion, 

with FoxA1 as the first transcription factor linked to the regulation of sweating. 

 

Two striking findings of the present study were anhidrosis and excessive accumulation of 

glycoproteins in the FoxA1-mu and Best2−/− sweat glands. The primary effect of these 

genes in sweat glands should explain both these phenotypes. Unlike the features of 

Miliaria Rubra, a human disorder caused by blockage of sweat ducts by glycoproteins or 

keratin debris (20), neither FoxA1-mu nor Best2−/− mice showed any indication of edema 

or inflammation in sweat glands. In accordance with that view, expression profiling 

showed no alteration of mucin gene expression. Thus, it is more likely that mucinous 

glycoproteins, which are produced by dark cells in small quantities and normally washed 

out by sweating, accumulate in FoxA1-mu or Best2−/−sweat glands secondary to 

anihidrosis. 

 

Concerning the site of critical events, FoxA1 regulation of sweat secretion implies that 

although clear cells have been credited with active sweating (1, 2), dark cells expressing 

Best2 play a previously unrecognized and essential role. Similarly, Best2 in the colon 
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was initially expected to be expressed in enterocytes, but was instead found to be 

expressed in the mucin-producing goblet cells (21). It was previously suggested that 

interactions between dark and clear cells are required to maintain their identity, as they 

lose their morphological characteristics rapidly when separated in culture (2). Consistent 

with interdependency of the two types of cells, the Nkcc1 cotransporter was normally 

expressed in anhidrotic Best2−/− sweat glands, demonstrating that Nkcc1 or other ion 

channels expressed in clear cells are ineffective in generating sweat in the absence of 

Best2 in dark cells. However, detailed steps whereby dark cells may regulate further 

action in clear cells remain to be determined. In cases which may be analogous to sweat 

glands and colon, the ciliary body of the eye and the salivary gland, both secretory 

organs, consist of two types of epithelia, one of which contains Best2 (17, 21, 22). It will 

be intriguing to test whether Best2 is regulated by FoxA1 in these organs, and how the 

two types of epithelia cooperate through Best2 for fluid secretion. 

 

The process of sweat secretion is multifaceted, involving central and sympathetic nervous 

system regulation, clear and dark secretory cells, and ion and water transport, along with 

ion reabsorption by Na pump, cystic fibrosis transmembrane conductance regulator, and 

carbonic anhydrase 12 (1, 2, 23, 24). The model for sweat secretion remains incomplete, 

but the findings suggest some features of an overall model. From previous studies, Na+, 

K+, and Cl− are the major ionic components of sweat in the accepted Na-K-Cl 

cotransporter model for cholinergic sweat secretion (1, 2). In this model, cholinergic 

input opens K+ and Cl−channels, and the resulting chemical potential from KCl efflux 
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then activates the Nkcc1 cotransporter (1). As for the Ca2+-dependent model involved in 

both cholinergic and α-adrenergic sweat secretion, sweating is abolished when Ca2+ is 

removed, and conversely, Ca2+ influx into the cytoplasm of secretory cells induces sweat 

secretion in most (but not all) conditions (1, 2). It was suggested that Ca2+ influx may 

contribute to the opening of K+ and Cl− channels by an unknown mechanism (2), and thus 

could also be involved in subsequent activation of Nkcc1. Two transport routes may thus 

have some crosstalk at K+ and Cl− channels in the early steps of sweat secretion (2). 

Best2 is itself a Ca2+-activated anion channel (25, 26), and Best2 catalyzes bicarbonate 

transport as part of ion flux in the colon (21). It remains to be seen whether Ca2+-

activated Best2 in dark cells regulates the opening/closing of K+ or Cl− channels in clear 

and dark cells, involving a bicarbonate gradient, and further effecting subsequent 

activation of Nkcc1. Identification of FoxA1 as a master regulator integrates transport by 

Nkcc1 with the indispensable requirement for Ca2+activation of Best2 channels to 

cooperate in sweat secretion (27). 

 

The mode of thermoregulation is drastically transformed during evolution. In most 

mammals, the hair coat helps to modulate temperature, and sweat glands are located only 

in hairless footpads. However, some primates and Homo sapiens have much less hair, and 

sweat glands extensively spread over the entire body become the substantive 

thermoregulatory organ. Sweat glands are efficient because they actively dissipate heat; 

and as a result humans, unlike other animals, can run long-distance races and even super 

marathons. [Horses expand another type of sweat gland (apocrine) to sustain comparable 
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cooling and running capability.] Notably, FoxA1 in mouse skin is exclusively expressed 

in sweat glands, but not in hair follicles or skin epidermis (Fig. S1D), and we infer that 

FoxA1 is part of a selective evolutionary option to implement human body temperature 

regulation by sweating. Thus far, one patient with idiopathic anhidrosis showed 

pathophysiology similar to that seen in FoxA1 or Best2 mutant mice (28), and it remains 

to be determined if variation in either of the genes is implicated in such patients or in 

differential individual rates of sweating. 

 

Materials and Methods 

Generation of Animal Models 

All animal study protocols were approved by the National Institute on Aging Animal 

Care and Use Committee. Homozygous FoxA1loxP/loxP mice (12), harboring a floxed exon 

II of mFoxA1 gene, were crossed with K14-Cre transgenic mice (Jackson Laboratory) to 

yield heterozygousFoxA1+/loxP-K14-Cre mice. Heterozygous mice were crossed with each 

other to generate skin-specificFoxA1-deficient mice (FoxA1-mu). Genotyping was done 

by PCR, as shown in Fig. S1A. Primer set for FoxA1genotyping: forward, 5′-

CTGTGGATTATGTTCCTGATC; reverse, 5′-GTGTCAGGATGCCTATCTGGT. 

Generation of Best2-deficient mice, in which exon2 and parts of exon1 and 3 were 

replaced by a LacZ, was reported previously (18). Primer set for Best2 genotyping: 

Forward for Best2, 5′-ACGTGACTCTGGTGGTGCAT; reverse for Best2: 5′-

CAGGGCACCCAGTATTTGTT; forward for LacZ-Neo: 5′-

GCCTGAAGAACGAGATCAGC. 
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Sweat Test and General Histology 

The iodine-starch sweat test was done as previously reported (29). Briefly, a hind paw of 

a wild-type or mutant mouse was painted with iodine/alcohol solution (1 g iodine/50 mL 

ethanol). Once dry, the surface was painted again with starch-oil (10 g starch/10 mL 

castor oil). Purple sweating spots start to form 2–3 min later and peak at around 10 min. 

 

For general histology and immunofluorescent or PAS staining, footpads and hairy back 

skin were taken from mice, fixed in 10% formaldehyde solution (Ricca Chemical) 

overnight, dehydrated, and embedded in paraffin. Five-micrometer paraffin sections were 

cut, and deparaffinized, and H&E staining was carried out with the manufacturer's 

standard protocol (Sigma). 

 

Immunofluorescent Staining, Western Blotting, PAS Staining, and X-Gal Staining 

For immunofluorescent staining, antibodies against β-galactosidase (Abcam; ab616, 

1:300 dilution), Best2 (Santa Cruz; sc-98568, 1:1,000), CAII (Abcam; ab6621, 1:500), 

CGRP (Abcam; ab36001, 1:300), FoxA1 (Abcam; ab23738, 1:200; Santa Cruz; sc-6553, 

1:200), Krt8 (Progen; GP-K8, 1:200), Krt14 (Progen; GP-CK14, 1:200; Covance; PRB-

155P, 1:1,000), Nkcc1 (Abcam; ab104693, 1:1,000; ab59791, 1:500), and S100 (Abcam; 

ab4066, 1:100) were incubated with deparaffinized, “antigen-unmasked” (antigen 

unmasking solution; Vector Laboratories, H3300) sweat gland sections overnight at 4 °C. 

AlexaFlour conjugated secondary antibodies were used to detect primary antibodies 
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(Invitrogen), and images were taken with a Deltavision Restoration Microscope System 

(Applied Precision). 

 

For Western blotting, proteins were extracted from frozen footpad skin of control 

and FoxA1-mu mice by homogenation in RIPA buffer first (Sigma; R0278) (the soluble 

fraction), and the pellets were re-extracted by RIPA+1%SDS (the insoluble fraction) 

(30). The reextracted “insoluble” proteins were transferred to a nylon membrane after 

SDS gel electrophoresis, and signals were detected by ECL (Amersham), after incubation 

with primary (anti-Best2 antibody) and HRP-conjugated secondary antibodies. 

 

PAS staining was done with paraffin sections from control, FoxA1-mu, 

and Best2−/− sweat glands with a PAS staining kit with a microwave procedure (Sigma; 

395B). To detect diastase resistance of glycoproteins, α-amylase solution (0.5%) was 

applied to sections after deparaffinization, and followed by PAS staining. Sections were 

counterstained with hematoxylin as the final step. 

 

The procedure of X-Gal staining for LacZ expression was reported previously (18). 

Briefly, 10-μm frozen sections of footpad skin were fixed in 4% paraformaldehyde and 

incubated overnight in a 1 mg/mL solution of X-Gal (Tissue Stain Solution; Chemicon). 

After washing, the sections were counterstained with nuclear fast red. 
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Expression Profiling and qRT-PCR 

For expression profiling of FoxA1-mu sweat glands, hairless fore-footpad skin was 

collected from FoxA1-mu and control littermates at P10, P14, and P31. Three skin 

samples from three mice for each genotype at each time point were used for biological 

replicates. Total RNAs were isolated with TRIzol (Invitrogen), precipitated by 7.5M LiCl 

(Ambion), and cyanine-3-labeled cRNAs were hybridized to the NIA Mouse 44K 

Microarray v3.0 (Agilent Technologies) (30). Triplicate data were analyzed by ANOVA. 

Genes with false-discovery rate < 0.05, fold-difference > 1.5, and mean log intensity > 

2.0 were considered to be significant (30). Hybridization data were deposited in the Gene 

Expression Omnibus (GEO) with accession number GSE32347. One-step TaqMan qRT-

PCR was carried out with ready-to-use probe/primer sets for FoxA1, Best2, Eda, 

and Nkcc1 (Applied Biosystems). 
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Figure Legends 

Figure 1. FoxA1 knockout causes anhidrosis in mice with accumulation of 

glycoproteins in sweat glands. (A) Iodine-starch sweat test reveals complete anhidrosis 

in FoxA1-mu footpads. Purple dots in control mice represent sweating spots. (B) H&E 

staining shows smaller but fully formed sweat glands in FoxA1-mu mice (Upper). Higher 

magnification (Lower) shows the blockage of secretory lumens by eosinophilic 

amorphous substances (arrows) in the mutant sweat glands, compared with fully open 

control lumens. Magnification, 400× for upper panels and 1,000× for lower panels. (C) 

Epidermal (Upper) and coiled (Lower) ducts were also filled with eosinophilic material in 

the mutant mice. At right, diagram of sweat gland structure. (D) Eosinophilic material in 

the epidermal ducts and secretory lumens of FoxA1-mu mice is PAS+ and α-amylase 

resistant (arrows). Magnification, 1,000×. 

 

Figure 2. FoxA1 is expressed in the nuclei of dark cells. (Left) Diagram of cell 

arrangement in cross-section of a sweat gland secretory portion. (A and B) FoxA1 is 

expressed in the S100−, CAII− secretory cells in control sweat glands. (C) FoxA1 is 

expressed in CGRP+ secretory cells. Dotted circles indicate secretory portion. 
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Figure 3. Dramatic down-regulation of Best2 in FoxA1-mu sweat glands. (A) Scatter 

plots shows number of significantly affected genes in microarray analysis. Red and green 

dots represent significantly down- or up-regulated genes in FoxA1-mu sweat glands, 

respectively. (B) qPCR assay;FoxA1 expression was confirmed undetectable in FoxA1-

mu sweat glands. (C) qPCR assay; Best2 expression is at background in FoxA1-mu sweat 

glands. (D) Best2 protein is undetectable in FoxA1-mu sweat gland protein analyzed by 

Western blotting. (Upper) Arrow indicates FoxA1 position. (Lower) Loading control 

(Coomassie blue staining). (E) Immunofluorescent staining shows Best2 expressed in the 

basolateral and apical membranes of FoxA1+ secretory cells in control sweat glands 

(Left), but not in FoxA1-mu sweat glands (Right). 

 

Figure 4.  Best2−/− mice show sweat gland phenotypes like FoxA1-mu mice. (A) Sweat 

test: anhidrosis in Best2−/− mice, similar to FoxA1-mu (compare with Fig. 1). (B) 

qPCR:Best2 expression is at background level in Best2−/− sweat glands. (C) Sweat glands 

are fully formed in the Best2−/− mice, but lumens are much smaller than in controls 

(Upper). Eosinophilic material in coiled ducts in Best2−/− mice (higher magnification with 

arrows, Lower). Magnification, 400× for upper panels and 1,000× for lower panels. (D) 

Eosinophilic material also in the stratum corneum epidermal ducts of Best2−/− mice 

(arrows). Magnification, 1,000×. (E) PAS staining: accumulation of α-amylase resistant 

glycoprotein in epidermal ducts and secretory lumens of Best2−/− mice (arrows). 
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Magnification, 1,000×. (F) Immunofluorescent staining: normal expression pattern of 

FoxA1 protein in Best2−/− sweat glands. 

 

Figure S1. Generation of skin-specific forkhead transcription factor (FoxA1-mu) 

mice and histological and immunohistochemical analyses. (A) FoxA1loxP/loxP mice 

were crossed with Krt14-Cre transgenic mice to selectively knockout the FoxA1 gene 

from skin. (Right) PCR-based genotyping strategy. (B) Time-course histology of sweat 

glands in control and FoxA1-mu mice. No significant morphological differences were 

found between control and mutant sweat glands until postnatal day (P) 6. Eosinophilic 

substances can be clearly detected from control and FoxA1-mu mice at P8, but disappear 

from control sweat glands at P10 concomitant with lumen opening. Eosinophilic 

substances persist in FoxA1-mu mice at all further time points. Arrows indicate secretory 

lumens. Magnification, 400×. (C) FoxA1 localization in sweat glands. Double staining of 

FoxA1/Krt14 and FoxA1/Krt8 revealed localization of FoxA1 in scattered secretory cells, 

but not in surrounding myoepithelial cells, in control sweat glands. FoxA1-mu sweat 

glands normally express both Krt14 and Krt8. (D) FoxA1, Best2, and Nkcc1 were not 

expressed in skin epidermis or hair follicles. Occasionally, a few keratinocytes in the 

suprabasal layer of skin epidermis in both wild-type and FoxA1-mu mice showed 

nonspecific cytoplasmic staining with FoxA1 antibody. 

 

Figure S2. Candidate FoxA1 target genes that were significantly affected in all three 

developmental time points analyzed. (A) In addition to FoxA1, only three genes were 
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found to be significantly affected in all three time points in the FoxA1-mu sweat glands. 

(B) As expected, Eda expression was not changed in FoxA1-mu sweat glands assessed by 

qRT-PCR assay. (C) Nkcc1 expression was down-regulated ∼twofold in FoxA1-mu 

sweat glands in all three time points. 

 

Figure S3. Expression patterns and levels of Best2 and Nkcc1 in control and mutant 

mice. (A) X-Gal staining revealed that the Best2 promoter is active in scattered secretory 

cells in the Best2 knockout (Best2−/−) sweat glands (blue represents X-Gal+ cells). (B) 

Immunofluorescent staining revealed that β-galactosidase driven by the Best2 promoter is 

expressed in the FoxA1+ scattered secretory cells. (C) Immunostaining with anti-Nkcc1 

N- and C-terminal antibodies show basolateral localization of Nkcc1 in control and 

Best2−/− sweat glands. Nkcc1 was very weakly expressed in the basal membranes of 

FoxA1-mu sweat glands assessed by both antibodies. (D) Nkcc1 mRNA was normally 

expressed in the Best2−/− sweat glands as assessed by qRT-PCR assay. 
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Figure 1. FoxA1 knockout causes anhidrosis in mice with accumulation of 

glycoproteins in sweat glands. 
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Figure 2. FoxA1 is expressed in the nuclei of dark cells. 
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Figure 3. Dramatic down-regulation of Best2 in FoxA1-mu sweat glands. 
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Figure 4.  Best2−/− mice show sweat gland phenotypes like FoxA1-mu mice. 

 

 

  



84 

Figure S1. Generation of skin-specific forkhead transcription factor (FoxA1-mu) 

mice and histological and immunohistochemical analyses. 
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Figure S2. Candidate FoxA1 target genes that were significantly affected in all three 

developmental time points analyzed. 
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Figure S3. Expression patterns and levels of Best2 and Nkcc1 in control and mutant 

mice. 
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APPENDIX B: DIFFERENTIAL EFFECTS OF BEST DISEASE CAUSING 

MISSENSE MUTATIONS ON BESTROPHIN-1 TRAFFICKING 

 

This manuscript was published in Human Molecular Genetics in 2013 and the citation for 

this is as follows: Johnson, A.A., Lee, Y.S., Stanton, J.B., Yu, K., Hartzell, C.H., 

Marmorstein, L.Y. and Marmorstein, A.D. (2013) Differential effects of Best disease 

causing missense mutations on bestrophin-1 trafficking. Hum Mol Genet, 22, 4688-4697. 

 

The following manuscript presented in this dissertation is a pre-copy editing, author-

produced version of an article accepted for publication in Human Molecular Genetics 

following peer review. The definitive publisher-authenticated version of this paper is 

available online at: http://hmg.oxfordjournals.org/content/22/23/4688.long 

  

http://hmg.oxfordjournals.org/content/22/23/4688.long
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Abstract 

Mutations in bestrophin-1 (Best1) cause Best vitelliform macular dystrophy (BVMD), a 

dominantly inherited retinal degenerative disease. Best1 is a homo-oligomeric anion 

channel localized to the basolateral surface of retinal pigment epithelial (RPE) cells. A 

number of Best1 mutants mislocalize in Madin–Darby canine kidney (MDCK) cells. 

However, many proteins traffic differently in MDCK and RPE cells, and MDCK cells do 

not express endogenous Best1. Thus, effects of Best1 mutations on localization in MDCK 

cells may not translate to RPE cells. To determine whether BVMD causing mutations 

affect Best1 localization, we compared localization and oligomerization of Best1 with 

Best1 mutants V9M, W93C, and R218C. In MDCK cells, Best1 and Best1R218C were 

basolaterally localized. Best1W93C and Best1V9M accumulated in cells. In cultured fetal 

human retinal pigment epithelium cells (fhRPE) expressing endogenous Best1, 

Best1R218C and Best1W93C were basolateral. Best1V9M was intracellular. All three mutants 

exhibited similar fluorescence resonance energy transfer (FRET) efficiencies to, and co-

immunoprecipitated with Best1, indicating unimpaired oligomerization. When human 

Best1 was expressed in RPE in mouse eyes it was basolaterally localized. However, 

Best1V9M accumulated in intracellular compartments in mouse RPE. Co-expression of 

Best1 and Best1W93C in MDCK cells resulted in basolateral localization of both Best1 and 

Best1W93C, but co-expression of Best1 with Best1V9M resulted in mislocalization of both 

proteins. We conclude that different mutations in Best1 cause differential effects on its 

localization and that this effect varies with the presence or absence of wild-type (WT) 
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Best1. Furthermore, MDCK cells can substitute for RPE when examining the effects of 

BVMD causing mutations on Best1 localization if co-expressed with WT Best1. 

 

Introduction 

Mutations in the gene BEST1, encoding the protein human bestrophin-1 (hBest1), cause 

five clinically distinct forms of inherited retinal degeneration: Best vitelliform macular 

dystrophy (BVMD), adult-onset vitelliform macular dystrophy, autosomal recessive 

bestrophinopathy, autosomal dominant vitreoretinochoroidopathy, and retinitis 

pigmentosa (1–6). The most prevalent of these is BVMD, an autosomal-dominant 

macular degenerative disease that varies in age of onset and severity. Most patients will 

exhibit a vitelliform lesion in the macula that may progress through several stages to 

geographic atrophy and in some cases become neovascular. Some 7–9% of carriers of 

BVMD mutations will never experience vision loss, but all carriers have an aberrant 

electrooculogram with a normal electroretinogram (7,8). 

 

Best1 is an integral membrane protein that, within the eye, is exclusively expressed in the 

retinal pigment epithelium (RPE), where it is localized to the basolateral plasma 

membrane of the cell (9). A great deal of data supports the hypothesis that Best1 is a 

homo-oligomeric anion channel. Numerous studies in heterologous expression systems 

(reviewed in 10 and 11) have since been complemented by the findings that Best1 

functions in mouse cerebellar glia to carry a GABA conductance (12) and in mouse 

hippocampal astrocytes to carry a glutamate conductance (13). Similarly, we have shown 



91 

that bestrophin-2, a close homolog of Best1, carries a bicarbonate conductance in colonic 

goblet cells (14). To date, every disease-causing mutation in BEST1 tested has resulted in 

a loss of anion channel activity, with those associated with BVMD dominantly inhibiting 

the conductance of wild-type (WT) Best1 (10,11). However, loss of anion channel 

activity is not the only consequence of BEST1 mutation. 

 

Studies on Best1−/− and Best1 knock-in mice carrying the BVMD causing mutation 

W93C have shown that Best1 plays a critical role in regulating Ca2+ signaling in RPE 

cells (15,16). This finding is further supported by recent data using RPE cells generated 

from iPS cells of BVMD patients (17). The mechanism by which Best1 regulates 

Ca2+ signaling is not clear. While Best1 interacts physically and functionally with voltage 

dependent Ca2+ channels (15,18–21), there are data suggesting that a sub-population of 

Best1 may reside in the endoplasmic reticulum adjacent to the basolateral plasma 

membrane of the RPE where it may interact with STIM1 to regulate Ca2+ stores 

(17,22,23). 

 

We have previously demonstrated that the BVMD causing mutants R218C and W93C 

correctly localize to the basolateral plasma membrane when expressed in the RPE of rat 

eyes via adenovirus mediated gene transfer (24). However, recent work by Milenkovic et 

al. (25) using stably transfected Madin–Darby canine kidney II (MDCK II) cells suggests 

that numerous other BVMD mutants exhibit defects in intracellular trafficking, 

suggesting that an inability to localize to the plasma membrane may underlie loss of 
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channel activity, or alteration in Ca2+ store release for some mutants. However, the 

relevance of MDCK II cells to studies on RPE protein localization is questionable as 

many proteins exhibit different localizations in MDCK II and RPE cells (26) and, since 

BVMD is a dominantly inherited disease, both mutant and WT proteins will be typically 

expressed. In human iPS-derived RPE cells expressing both endogenous hBest1 and one 

of the two BVMD-associated hBest1 mutants, hBest1 is properly localized (17). MDCK 

II cells do not express endogenous Best1, and the effect of mutants on the localization of 

the WT protein has not been previously addressed in these cells. In this study, we 

examined the localization of hBest1 and three mutants, V9M, W93C and R218C in 

MDCK II cells and fetal human retinal pigment epithelium (fhRPE) cells, and for V9M 

mouse RPE in the eye. We found that the ability to localize correctly differs among the 

three mutants and can be influenced by the presence of WT hBest1 or, as is the case for 

V9M, cause mislocalization of WT hBest1. We conclude that some BVMD causing 

mutations in hBest1 cause mislocalization of hBest1 channels, preventing them from 

functioning at the plasma membrane and potentially interfering with other cellular 

processes such as Ca2+ signaling. 

 

Results 

hBest1 mutants impair anion channel activity 

To date, all disease-causing mutants of hBest1 tested have exhibited diminished anion 

channel activity (10,11). Mutations at positions W93 and R218 diminish or abolish 

hBest1 associated anion conductance (12,27). Mutations at amino acid V9 have been 



93 

separately reported by five groups (2,3,28–30), making them among the more common 

mutations associated with BVMD (http://www-huge.uni-

regensburg.de/BEST1_database). Mutations at position V9 have not previously been 

tested for anion channel activity. To address this, we performed whole-cell patch clamp 

of HEK293 cells heterologously expressing hBest1, hBest1V9M or hBest1 and hBest1V9M. 

As shown in Fig. 1, the V9M mutation significantly diminishes the hBest1 Cl− current. 

Furthermore, V9M appears to exert a dominant effect, causing a significantly diminished 

current even when co-expressed with WT hBest1 (Fig. 1). 

 

Recent studies by Davidson et al. (31) and Milenkovic et al. (25) suggest that 

mislocalization may underlie the loss of anion channel activity associated with some 

hBest1 mutants. In the latter study (25), a number of BVMD associated hBest1 mutants 

were expressed in MDCK II cells and found to accumulate in intracellular compartments. 

In contrast, we have previously demonstrated that the mutants hBest1W93C and 

hBest1R218Care, like WT hBest1, localized to the basolateral plasma membrane when 

expressed via adenovirus-mediated gene transfer in RPE cells in rat eyes (24). To 

determine whether MDCK II cells are a reasonable predictor of the localization of hBest1 

and hBest1 mutants in RPE cells, we chose to compare the localization of the three 

mutants V9M, W93C and R218C hBest1 in MDCK II and fhRPE cells and, for 

hBest1V9M, in RPE in the murine eye. 

 

http://www-huge.uni-regensburg.de/BEST1_database
http://www-huge.uni-regensburg.de/BEST1_database
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Are hBest1 mutants mislocalized? 

Expression of hBest1 and hBest1 mutants in MDCK II cells was accomplished using 

adenovirus-mediated gene transfer in polarized monolayers of MDCK II cells. 

Examination of the localization of hBest1 in MDCK II cells using confocal X-Y and X-Z 

scans demonstrated that hBest1 expressed in MDCK II cells was localized to the 

basolateral surface, similar to its localization in the RPE (Fig. 2A–C). The mutant 

hBest1R218C was also basolaterally polarized (Fig. 2D–F). These data are in agreement 

with the findings of Milenkovic et al. (25). Unlike R218C, however, both hBest1V9M 

(Fig. 2G–I) and hBest1W93C (Fig. 2J–L) accumulated in intracellular compartments. 

 

BVMD is a dominant disease. Thus, with few exceptions (32–34), affected individuals 

will carry both a WT and a mutant allele of the BEST1 gene. Therefore, it is possible that 

WT hBest1 can rescue the mislocalization of mutant hBest1. This possibility has not been 

previously tested. To examine the potential for rescue of mislocalization, we used fhRPE 

cells as a primary cell culture model. fhRPE cells express endogenous hBest1, though at 

low levels. As shown in Fig. 3K, it is difficult to detect endogenous hBest1 by western 

blot of a lysate derived from a single monolayer of fhRPE grown on a 1 cm diameter 

Millicell HA filter. However, when two or more monolayers are included in the lysate we 

can detect hBest1 by western blot. Immunofluorescence and confocal microcopy of 

fhRPE monolayers reveals that endogenous hBest1 is localized to the basolateral plasma 

membrane of the cells, consistent with findings in native RPE (9) (Fig. 3A and B). This 

did not change when hBest1 was substantially overexpressed (Fig. 3C and D), indicating 
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that these cells have a high capacity to properly sort hBest1. This is a critical control, as 

we have shown in the past that sorting pathways can be saturated using viral 

overexpression (35). 

 

We next examined the localization of hBest1 mutants in fhRPE cells (Fig. 3E–J). As was 

observed in MDCK II cells, hBest1R218C was basolaterally polarized (Fig. 3E and F) and 

hBest1V9M was predominantly in intracellular compartments (Fig. 3I and J). Interestingly, 

hBest1W93C, which was mislocalized in MDCK II cells, was basolaterally polarized in 

fhRPE (Fig. 3G and H). Western blot of fhRPE lysates indicated that all the three mutants 

were overexpressed (Fig. 3L), but none appeared to be expressed in quantities 

substantially greater than WT hBest1. This was confirmed by densitometric analysis, 

which found that the ratio of hBest1 to β-actin for the mutants did not exceed the ratio of 

WT to β-actin in any given experiment by >22%. 

 

Do WT and Best1 mutants interact to form oligomers? 

When we previously expressed the hBest1W93C mutant in the RPE in rat eyes, it was 

found to localize to the basolateral plasma membrane (24). Since Best1 forms oligomers 

of unknown stoichiometry (27,36,37), the most plausible explanation for the proper 

localization of hBest1W93C in rat RPE and fhRPE cells is that endogenous Best1 has the 

capacity to rescue mislocalization of at least some Best1 mutants. For hBest1V9M, there 

are several possibilities that could explain the lack of rescue in fhRPE cells. One 

possibility is that V9 is involved in the formation of Best1 oligomers and that the 
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mutation V9M prevents oligomer formation. To test this, we co-expressed c-myc tagged 

WT hBest1 together with mutant hBest1 fused to yellow fluorescence protein (YFP) in 

MDCK II cells and performed reciprocal immunoprecipitation of the two tagged forms of 

hBest1 using antibodies specific for the tags. As shown in Fig. 4, both hBest1-c-myc and 

mutant hBest1-YFP have the ability to immunoprecipitate the other tagged form of 

hBest1, indicating formation of oligomers. The results did not differ significantly when 

R218C, W93C or V9M were expressed together with hBest1. 

 

To confirm that hBest1V9M and other mutants interact with WT hBest1 to form oligomers 

rather than aggregates resulting from overexpression of the protein, we co-expressed 

hBest1 fused to cyan fluorescent protein (CFP) with WT or mutant hBest1 fused to YFP 

in MDCK II cells. Performing live-cell fluorescence resonance energy transfer (FRET) 

using confocal microscopy in X–Y sections of the basal plasma membrane or the lateral 

borders near the basal membrane revealed that hBest1-CFP and hBest1-YFP exhibit 

plasma membrane FRET (Fig. 5A and B). As a positive control for FRET, we transfected 

cells with CFP fused to YFP. For a negative control, we expressed hBest1-CFP and YFP. 

FRET was determined by the increase in CFP (donor) fluorescence following 

photobleaching of the acceptor YFP as indicated in the Methods section. FRET 

efficiencies for controls were 45.12 ± 3.32% for CFP–YFP (mean ± SD, n = 26) and 0.94 

± 1.36% for hBest1-CFP co-expressed with YFP (mean ± SD, n = 25). As shown in 

Fig. 5, the FRET efficiency of the hBest1-CFP/hBest1-YFP combination was 13.27 ± 

2.13% (mean ± SD, n = 23), which was significantly different (P < 0.001) from either the 
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negative control (P < 0.001) or the positive control (P < 0.001). When hBest1-CFP was 

co-expressed with hBest1 mutants (R218C, W93C, or V9M) fused to YFP (Fig. 5C), the 

FRET efficiencies were similar to those obtained using WT hBest1-YFP [13.25 ± 4.09%, 

14.65 ± 2.70%, and 13.50 ± 2.70% for R218C, V9M and W93C, respectively (mean ± 

SD, n = 24, 23, and 21)]. hBest1R218C-YFP and hBest1W93C-YFP exhibited FRET at the 

plasma membrane with hBest1-CFP (Supplementary Material, Fig. S1). In contrast, 

hBest1V9M-YFP and hBest1-CFP exhibited FRET in intracellular compartments 

(Supplementary Material, Fig. S1). We conclude from these data that none of the 

mutations tested block the interaction of hBest1 monomers to form oligomers. 

 

Does WT Best1 rescue mislocalization of Best1 mutants? 

Another potential explanation for the failure to rescue hBest1V9Mtrafficking could rest in 

differences in RPE cells in culture and the eye. Many plasma membrane proteins traffic 

differently in native RPE cells, cultured RPE cells and MDCK II cells (26). To test this 

hypothesis, we chose to express hBest1V9M in mouse RPE in the eye via adenovirus-

mediated gene transfer. For this experiment to be a valid test of the effect of WT Best1 on 

the localization of hBest1V9M, it was critical to first determine whether hBest1 could 

interact with mouse Best1 (mBest1). To test this, we repeated the experiments performed 

to examine hBest1-hBest1 interaction, but this time to test mBest1-hBest1 interaction. As 

observed for hBest1-hBest1 interaction, hBest1 and mBest1-green fluorescent protein 

(GFP) were capable of reciprocal co-immunoprecipitation as was hBest1V9M and mBest1-

GFP (Supplementary Material, Fig. S2). 
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To confirm that hBest1 and hBest1V9M interact with mBest1 to form oligomers rather 

than aggregates resulting from overexpression of the protein, we co-expressed mBest1-

CFP with WT or V9M hBest1-YFP in MDCK II cells. When we performed live-cell 

FRET, mBest1-CFP and hBest1-YFP were found to exhibit FRET at the plasma 

membrane (Supplementary Material, Fig. S3A and B). FRET efficiencies for controls 

were 45.12 ± 3.32% for CFP-YFP (mean ± SD, n = 26) and 1.70 ± 2.72% for mBest1-

CFP/YFP (mean ± SD, n = 23). The FRET efficiency of the mBest1-CFP/hBest1-YFP 

combination was 13.07 ± 2.01% (mean ± SD, n = 24), which was significantly different 

(P < 0.001) from either the negative control (P < 0.001) or the positive control (P < 

0.001), but similar to the efficiency determined for hBest1-CFP/hBest1-YFP interaction 

(Supplementary Material, Fig. S3). When mBest1-CFP was co-expressed with 

hBest1V9M fused to YFP, the FRET efficiency was 13.88 ± 2.35% (mean ± SD, n = 24) 

(Supplementary Material, Fig. S3C), similar to that obtained using the mBest1-

CFP/hBest1-YFP combination or hBest1-CFP as the donor. We conclude from these data 

that mBest1 and hBest1 can form oligomers, and that the V9M mutation does not block 

the interaction of mBest1 and hBest1 monomers to form oligomers. 

 

To determine whether endogenous mBest1 could rescue the mislocalization of 

hBest1V9M, we expressed hBest1V9M in RPE in the mouse eye using adenovirus-mediated 

gene transfer, a technique that we have previously used to study the localization of 

plasma membrane proteins, including hBest1 (24). As shown in Fig. 6, hBest1 expressed 
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in the mouse eye was localized to the basolateral plasma membrane of the RPE (Fig. 6A–

C). In contrast, hBest1V9M was clearly localized to intracellular compartments (Fig. 6D–

F), indicating that mBest1 either does not rescue the mislocalization of hBest1V9M or is 

not present in sufficient quantities to exert a discernible rescue effect. 

 

We next tested the ability of WT hBest1 to rescue the mislocalization of hBest1V9M in 

MDCK II cells where we could experimentally control the level of expression of hBest1. 

To do this, polarized MDCK II monolayers were induced to co-express hBest1-CFP and 

hBest1-YFP, or hBest1-CFP and hBest1V9M-YFP using adenovirus-mediated gene 

transfer. Both hBest1-CFP and hBest1-YFP were co-localized to the basolateral plasma 

membrane (Fig. 7A). In contrast, both hBest1-CFP and hBest1V9M-YFP were co-localized 

to intracellular compartments (Fig. 7B), indicating that hBest1 cannot rescue the 

mislocalization of hBest1V9M, and that the V9M mutation dominantly causes 

mislocalization of WT hBest1. 

 

We repeated this experiment for hBest1-CFP and untagged hBest1W93C, finding that co-

expression of equal amounts of these proteins results in basolateral localization of 

hBest1, demonstrating that hBest1 rescues hBest1W93C mislocalization in MDCK II cells 

(Fig. 7C). Western blotting of lysates from MDCK II cells co-expressing hBest1-YFP 

and untagged hBest1W93C demonstrates staining of two distinct bands corresponding to 

untagged and tagged hBest1, confirming that both WT and W93C hBest1 were expressed 

(Supplementary Material, Fig. S4). Although western blotting suggests that both WT 
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hBest1 and hBest1W93C were successfully co-expressed (Supplementary Material, Fig. 

S4), we employed an untagged form of hBest1W93C. Therefore, we cannot exclude the 

possibility that the antibody is detecting the WT hBest1-YFP protein and not the 

hBest1W93C mutant. However, these results are consistent with our initial FRET studies in 

which hBest1-CFP and hBest1W93C-YFP were co-expressed in MDCK II cells following 

transfection. In those experiments, FRET was concentrated at the periphery of cells, 

consistent with a plasma membrane localization of hBest1W93C (Supplementary Material, 

Fig. S1). 

 

Discussion 

Best1 is an integral membrane protein that is localized to the basolateral plasma 

membrane of RPE cells (9). Mutations in Best1 cause five clinically distinct retinal 

degenerative diseases, with BVMD by far the most common (1–8). In this study, we 

sought to further our understanding of how mutations in hBest1 cause BVMD. Prior 

studies have suggested that disease causing mutations may lead to mislocalization of 

hBest1 in BVMD (25). Those studies performed in MDCK II cells conflict with our 

previously published data (24) and that of Singh et al. (17), in which the hBest1 mutants 

W93C, R218C, N296H, and A146K expressed either endogenously or following virus 

mediated gene transfer were found to be properly localized in RPE cells. With the goal of 

resolving the differences between data obtained from MDCK II and RPE cells, which 

have often been conflicting with regard to polarized plasma membrane proteins (26), we 

examined three hBest1 mutants, W93C, R218C, and V9M in MDCK II and fhRPE cells. 
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Our data demonstrate that BVMD causing mutations in BEST1do in some instances result 

in mislocalization of the protein. Our data also demonstrate that, for a subset of the 

mutations that cause mislocalization, the presence of WT Best1 can rescue the 

mislocalization caused by the mutation (e.g. W93C) or, as is the case for hBest1V9M, the 

mutant protein can prevent the proper localization of WT hBest1. 

 

To date, all studies examining the anion channel function of Best1 have observed that 

disease causing mutations in the protein result in diminished anion channel activity 

(10,11). This has been previously demonstrated for mutants at position R218 as well as 

for the mutation W93C (12,27). Here, we show that the V9M mutation also results in 

diminished anion channel activity and, like previously described BVMD mutants, 

dominantly impairs the hBest1 associated anion conductance. These three mutants, 

however, differed dramatically in their localizations when expressed in MDCK II and 

fhRPE cells. Like hBest1, hBest1R218C was localized to the basolateral plasma membrane 

of MDCK II and fhRPE cells, suggesting that the mutation impairs channel activity. 

hBest1W93C and hBest1V9M, however, were localized to intracellular compartments when 

expressed in MDCK II cells, similar to many of the mutants studied by Milenkovic et 

al. (25). However, when expressed in fhRPE cells, which produce endogenous hBest1, 

hBest1W93C exhibited a basolateral localization similar to that of WT hBest1 and 

hBest1R218C. Studies on the closely related bestrophin-2 have shown that W93 is likely a 

part of the channel pore (38,39). More likely than not, this mutation renders hBest1 

inactive. In contrast, hBest1V9M remained in intracellular compartments, suggesting that 
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the diminished anion channel activity due to this mutation may be due to lack of the 

protein in the plasma membrane rather than a functional impairment. Importantly, 

hBest1V9M also prevented proper localization of WT hBest1, suggesting a mechanism for 

dominant inhibition of hBest1 channel activity. 

 

Based on our data, we conclude that the underlying pathogenic mechanism that causes 

BVMD can vary from mutant to mutant, but that loss of anion channel activity is always 

the result. Some mutations likely interfere with the structure of the channel (e.g. W93C), 

while others, such as V9M, prevent its proper delivery to the plasma membrane. 

hBest1W93C is an enigma in this regard. When co-expressed with WT hBest1, as would be 

the case in most individuals with BVMD, it appears to properly traffic to the basolateral 

plasma membrane. However, an individual homozygous for Best1W93C has been well 

studied (34). This individual had classical BVMD and did not have a worse disease 

phenotype than his heterozygous progeny. Our laboratory examined the eyes of this 

individual postmortem and concluded that hBest1W93C was expressed and that it was not 

correctly localized (34). In that report, we could not be certain whether the 

mislocalization was due to the advanced state of the donor's disease and the effects on the 

RPE or whether it was due to the mutation. Based on the data in Fig. 2, we can now 

conclude that hBest1 in this individual should have been mislocalized due to the absence 

of WT hBest1. This mislocalization did not alter the disease phenotype in comparison to 

that of his heterozygous progeny (34) who, based on our previous work (24) and our data 

in Fig. 3 and 7, and Supplementary Material, Fig. S1, should have a normal localization 
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for hBest1. Our laboratory has also generated a mouse model carrying the W93C 

mutation (16). We have observed no significant difference in the phenotype of 

heterozygous and homozygous mice. Unfortunately, lack of high fidelity anti-mBest1 

antibodies has hindered our efforts at examining the localization of mBest1W93C in these 

mice. 

 

In summary, we have shown that single amino acid mutations in hBest1 associated with 

BVMD can differentially affect the localization of the protein, and that these effects can, 

in some instances, be rescued by interaction with WT hBest1. Like mutations in 

rhodopsin that cause retinitis pigmentosa (40,41), it appears that these mutations can be 

segregated into a group that cause mislocalization/misfolding and a separate group that 

directly inactivate channel activity. In neither case does the disease phenotype change. 

Understanding which mutations affect trafficking in the presence of WT hBest1 will be 

critical to efforts aimed at developing gene therapy approaches to the treatment of 

BVMD. Understanding how the anion channel function and localization of hBest1 

influences its ability to regulate Ca2+ signaling should also be the subject of future 

studies. 

 

Materials and Methods 

Cell culture 

fhRPE were grown on 1.0 cm Millicell HA filters (Millipore, Billerica, MA, USA) in a 

95% air 5%/CO2 environment at 37°C according to the method of Hu and Bok (42). 
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MDCK II cells (American Type Culture Collection, Manassas, VA, USA) were 

maintained in a 95% air 5%/CO2 environment at 37°C. Cells were grown in Dulbecco's 

Modification Eagle's Medium (Cellgro, Manassas, VA, USA) supplemented with 10% 

fetal bovine serum and penicillin/streptomycin solution (Cellgro, Manassas, VA, USA). 

For studies using cells where hBest1 was expressed via adenovirus-mediated gene 

transfer, MDCK II cells were plated at confluence on 1.0 cm2Transwell filters (Corning, 

Tewksbury, MA, USA) or 35 mM coverslips in glass, bottom-well dishes (MatTek 

Corporation, Ashland, MA, USA) and maintained for 5 days prior to infections with 

replication defective adenovirus vectors at an MOI of 30. That the cells had become 

polarized was ensured by staining for the apical marker protein Gp135 in 

immunofluorescence experiments and by measurement of transepithelial resistance, only 

using monolayers with a transepithelial electrical resistance exceeding120 Ω × cm2. 

fhRPE cells were maintained for >2 months in culture on Millicell HA filters and 

transduced with adenovirus vectors at an MOI of 3. Only monolayers with a 

transepithelial electrical resistance exceeding 400 Ω × cm2 were used. For transfection 

studies, MDCK II cells were plated on 6 cm plates or 35 mM coverslips in glass, bottom-

well dishes. At ∼80% confluence, the cells were transfected using Lipofectamine 2000 

(Invitrogen, Grand Island, NY, USA) and allowed to grow to 100% confluence prior to 

use. 
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Plasmid constructs, site-directed mutagenesis and adenoviral production 

To generate mBest1 tagged with CFP or YFP, mBest1 was excised from a pEGFP-

mBest1 plasmid using BglII and BamHI and ligated into the corresponding restriction 

sites in pECFP-N1 and pEYFP-N1 vectors (Clontech, Mountain View, CA, USA). 

Similarly, CFP- and YFP-tagged hBest1 were generated by excising hBest1 from 

pEGFP-hBest1 using the restriction enzymes NheI and AgeI and ligated into the 

corresponding restriction sites in pECFP-N1 and pEYFP-N1. hBest1V9M tagged with YFP 

was generated by site-directed mutagenesis of pEYFP-hBest1 using a kit according to the 

manufacturer's instructions (Agilent Technologies, Santa Clara, CA, USA). hBest1 

tagged with the 6 × c-myc epitope at the C-terminus in pRK5 was kindly provided by Dr 

Jeremy Nathans (John Hopkins University, Baltimore, MD, USA). 

Replication defective adenovirus vectors carrying hBest1, hBest1R218C and 

hBest1W93C were previously described (9,24). A replication defective adenovirus vector 

carrying hBest1V9M was generated as described previously using the method of Hardy et 

al. (43). These vectors were amplified, purified and titrated as previously described 

(9,24). Additional replication deficient adenovirus vectors carrying CFP- or YFP-tagged 

hBest1 were generated, amplified, purified and titrated by the Gene Transfer Vector Core 

at the University of Iowa using the viral shuttle vector pacAd5CMVK-NpA (provided by 

the Gene Transfer Vector Core, University of Iowa, Iowa City, IA). Tagged hBest1 was 

inserted into the shuttle vector using the KpnI and XhoI restriction sites. 

hBest1V9M tagged with YFP was generated in pacAd5CMVK-hBest1-YFP and 
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hBest1V9M tagged with c-myc in pRK5 were generated using site-directed mutagenesis as 

described above. 

 

Immunofluorescence 

To study localization and co-localization of WT and mutant hBest1, hBest1 was 

expressed in confluent monolayers of MDCK II cells via adenovirus-mediated gene 

transfer. Twenty-four to forty-eight hours later, transwells were immersed in ice-cold 

methanol for 10 min, washed using phosphate-buffered saline containing 0.13 

mM CaCl2 and 1.0 MgCl2, and blocked in the same buffer containing 3% bovine serum 

albumin. Cells were then stained for hBest1 using the previously described rabbit, 

polyclonal anti-hBest1 antibody Pab125 (9), gp135 using the mouse, monoclonal 

antibody 3F4 (generous gift of Dr George Ojakian, SUNY Health Science Center at 

Brooklyn) and/or nuclei using 4′,6-diamidino-2-phenylindole (DAPI). Images were 

obtained using a Leica SP5 confocal microscope with a ×40 oil immersion objective. 

 

Immunoprecipitation and western blotting 

To assess physical interaction between mBest1 and hBest1, MDCK II cells grown on 6 

cm plates were co-transfected with pAdlox-mBest1-GFP and pAdlox-hBest1 or pAdlox-

hBest1V9M. Forty-eight hours later, cells were lysed in 1% Triton X-100, 20 mM Tris–

HCl, pH 8.0, 150 mM NaCl, 5 mMEDTA containing a protease inhibitor cocktail 

(Millipore) for 1 h at 4°C. After centrifugation, 25% of the volume of each lysate was 

removed and mixed with 4× Laemmli sample buffer. The remaining lysate was 
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immunoprecipitated with the rabbit, polyclonal anti-mBest1 antibody Pab-003 or with 

Pab125, a rabbit, polyclonal anti-hBest1 antibody as described previously (9,44). Lysates 

and immunoprecipitates were resolved via sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis and transferred to a polyvinylidene fluoride membrane (GE Healthcare, 

Waukesha, WI, USA) overnight. Blots were incubated with the mouse, monoclonal anti-

GFP antibody JL-8 (Clontech) or the previously described mouse, monoclonal anti-

hBest1 antibody E6-6 (9). Following incubation with an anti-mouse, alkaline-

phosphatase conjugated secondary antibody (Rockland, Gilbertsville, PA, USA), blots 

were developed using the substrates nitro-blue tetrazolium chloride and 5-bromo-4-

chloro-3′-indolyphosphate P-toluidine salt (Promega, Madison, WI). For co-

immunoprecipitation experiments between WT and mutant hBest1, rabbit polyclonal 

antibodies were used to immunoprecipitate c-myc (Invitrogen) or YFP (Clontech). 

Western blotting was performed using a mouse, monoclonal antibody specific to c-myc 

(9E10; Invitrogen) or YFP (JL-8; Clontech). Western blots of hBest1 in fhRPE cells were 

performed using the mouse, monoclonal antibody E6-6 and with a mouse, monoclonal 

anti-β-actin (AC-74; Sigma-Aldrich, St Louis, MO, USA) antibody. For non-

immunoprecipitation studies, western blotting of hBest1 in MDCK II cells was performed 

using the mouse, monoclonal antibody E6-6. 

 

FRET 

Forty-eight hours after transfection or transduction, MDCK II cells grown on 35 

mM coverslips in glass, bottom-well dishes were placed on the stage of a Leica SP5 
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confocal microscope and imaged using a ×40 oil immersion objective. The FRET donor 

(CFP) was excited at 458 nm and emission was collected from 465 to 505 nm. The 

acceptor (YFP) was excited at 514 nm and emissions collected from 525 to 600 nm. 

FRET acceptor photobleaching was performed using the 514 nm laser at 100% power. 

FRET efficiency (%E) was calculated as follows: using ImageJ software (NIH), 

thresholds were determined for background fluorescence and saturation of images from 

cells expressing a positive FRET control (CFP tagged to YFP, a generous gift from Dr 

Robert Tarran, University of North Carolina, Chapel Hill, NC, USA), and all images 

adjusted to the same threshold values. Donor fluorescence values were then determined 

for all images before and after acceptor photobleaching and %E was calculated as: 

% E = ((Donorpostbleach – Donorprebleach) / (Donorpostbleach) x 100 

 

Subretinal injections 

Subretinal injections were performed using replication defective adenovirus vectors 

carrying hBest1 or hBest1V9M on Balb/c mice between 2 and 4 months of age, as 

described previously (24) with the following modifications: in brief, mice were 

anesthetized with avertin (250 mg/kg body weight), and their eyes dilated with 

phenylephrine (2.5%) and atropine (1%) drops. Prior to surgery, a topical anesthetic (1% 

proparacaine) was also applied to the eye. Under a stereomicroscope, a custom-made 32-

gauge cannula was inserted through an incision made 1 mM posterior to the limbus. With 

a modified syringe (Hamilton, Reno, NV, USA) attached to a foot activated pump, a 2-µl 

volume of vector diluted to 1.25 × 107 particle/µl in Hanks' balanced salt solution was 
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injected. Ten days after injection, mice were sacrificed by CO2 asphyxiation and their 

eyes enucleated and embedded in Tissue-Tek® O.C.T.™ Cryosections were then stained 

for hBest1 and nuclei using the mouse, monoclonal antibody E6-6 and DAPI, 

respectively. 

 

Patch clamp 

WT or mutant hBest1 and pEGFP (Invitrogen) were transfected into HEK293 cells (5:1 

ratio, 2 μg total DNA per 3.5 cm plate), using a blend of lipids (Fugene-6; Roche 

Molecular Biochemicals, Indianapolis, IN, USA). Single cells identified by GFP 

fluorescence were used for whole-cell patch clamp experiments within 72 h. Transfected 

HEK293 cells were recorded using a conventional whole-cell patch-clamp technique with 

the amplifier (EPC-7, HEKA, Bellmore, NY, USA). Fire-polished borosilicate glass 

patch pipettes were 3–5 MΩ. Experiments were conducted at room temperature (20–

24°C). Since the liquid junction potentials were small (<2 mV), no correction was made. 

The high Ca2+ intracellular solution contained (mM): 146 CsCl, 2 MgCl2, 5 Ca2+-EGTA 

(free Ca2+∼20 μM), 10 HEPES, 10 sucrose, pH 7.3, adjusted with N-Methyl-D-

glucamine. The standard extracellular solution contained (mM): 140 NaCl, 5 KCl, 2 

CaCl2, 1 MgCl2, 15 glucose, 10 HEPES, pH 7.4 with NaOH. This combination of 

intracellular and extracellular solutions set Erev for Cl− currents to zero, while cation 

currents carried by Na+ or Cs+ had very positive or negative Erev, respectively. Osmolarity 

was adjusted with sucrose to 303 mOsm for all solutions. 
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Figure Legends 

Figure 1. Anion permeability of hBest1 and hBest1V9M. Whole-cell patch clamp 

recordings were performed in HEK293 cells. Mean current–voltage relationships were 

obtained from cells transfected with hBest1 (n = 13), hBest1V9M (n = 9) or co-transfected 

with hBest1 and hBest1V9M (n = 10). hBest1V9M displayed a loss of Cl−conductance and, 

when co-expressed with WT hBest1, suppressed the Cl− conductance of WT hBest1 as 

well. Error bars indicate mean ± SD. 
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Figure 2. Localization of hBest1 and hBest1 mutants (R218C, V9M and W93C) in 

MDCK II cells as determined by confocal microscopy. Representative X–Y and X–Z 

scans of stained WT or mutant hBest1 (green) are shown. WT (A–C), R218C (D–F), 

V9M (G–I) or W93C (J–L) hBest1 were expressed via adenovirus-mediated gene 

transfer in polarized monolayers of MDCK II cells and stained for hBest1. The 

endogenous apical protein gp135 (red) and nuclei (blue) were stained for positional 

referencing. WT and R218C hBest1 localized to the basolateral plasma membrane, while 

V9M and W93C hBest1 were intracellular. Ap and Bl in (B) stand for apical and 

basolateral, respectively. Scale bars: 20 µm. 

 

Figure 3. Localization of endogenous hBest1, overexpressed hBest1, and 

overexpressed hBest1 mutants (R218C, W93C, and V9M) in fhRPE cells. 

Representative X–Y and X–Z scans of hBest1 (green) localization are shown for 

endogenous hBest1 (A and B) or following adenovirus-mediated gene transfer, for 

overexpressed hBest1 (C and D), hBest1R218C (E and F), hBest1W93C (G and H), or 

hBest1V9M (I andJ) in polarized monolayers of fhRPE cells. Nuclei (red) were used as a 

positional marker. Like endogenous hBest1, overexpressed hBest1, hBest1R218C and 

hBest1W93C localized to the basolateral plasma membrane, while hBest1V9M remained 

intracellular. Scale bars: 20 µm. (K) Western blotting of fhRPE monolayers revealed 

endogenous expression of hBest1 with β-actin as a loading control. (L) Western blotting 

of hBest1 and β-actin in fhRPE cells (control) or fhRPE cells overexpressing hBest1 or 
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hBest1 mutants following adenovirus-mediated gene transfer demonstrates level of 

overexpression of hBest1 in infected cells. 

 

Figure 4. Reciprocal co-immunoprecipitation of hBest1 and mutant hBest1 in 

MDCK II cells. MDCK II cells were co-transfected with hBest1-c-myc and an YFP-

tagged hBest1 mutant (R218C, W93C and V9M). Co-expressing cells were lysed and 

hBest1 or mutant hBest1 immunoprecipitated using anti-c-myc or anti-YFP antibodies, 

respectively, and western blotted using the opposite antibody. Control lanes were loaded 

with immunoprecipitates prepared from untransfected MDCK II cells. Lysate lanes were 

loaded using lysates from co-transfected cells. 

 

Figure 5. Live-cell, confocal FRET acceptor photobleaching of hBest1-CFP and 

hBest1-YFP or mutant (R218C, W93C and V9M) hBest1-YFP in MDCK II cells. (A) 

Representative X–Y scan of hBest1-CFP (blue, donor) and hBest1-YFP (yellow, 

acceptor) co-expressed in confluent MDCK II cells using adenovirus-mediated gene 

transfer. Live-cell acceptor photobleaching was performed by bleaching the acceptor, 

generating the resultant image in (B), which highlights regions in the plasma membrane 

where donor intensity increased. (C) FRET efficiencies (%E's) were determined for 

hBest1-CFP paired with hBest1-YFP (n = 23) or hBest1V9M-YFP (n = 23) via adenovirus-

mediated gene transfer or hBest1W93C-YFP (n = 21) or hBest1R218C-YFP (n = 24) hBest1 

via transfection. MDCK II cells were transfected with a CFP–YFP fusion protein (n = 26) 

as a positive control and hBest1-CFP and YFP (n = 25) as a negative control. Both 
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hBest1 and mutant hBest1 had %E's significantly different (P < 0.001) than the negative 

and positive controls. Scale bar: 10 µm. Error bars indicate ± SD. 

 

Figure 6. Localization of hBest1 and hBest1V9M in the mouse eye. hBest1 or 

hBest1V9M were expressed in the RPE of mouse eyes via adenovirus-mediated gene 

transfer. hBest1 (A, red) was concentrated along the basal surface of the RPE. 

hBest1V9M (D, red) was observed to be intracellular. Nuclei were stained with DAPI 

(blue) in (A) and (D) and differential interference contrast (DIC) images were provided in 

(B) and (E) for positional referencing. Images in (C) and (F) are merged from fluorescent 

and DIC images. Scale bar: 50 µm. 

 

Figure 7. Effect of hBest1 on localization of hBest1V9M, or hBest1W93C in MDCK II 

cells. Polarized monolayers of MDCK II cells were made to co-express hBest1-CFP and 

hBest1-YFP, hBest1V9M-YFP, or hBest1W93C via adenovirus-mediated gene transfer. 

Gp135 (cyan) was used as an apical protein marker for positional referencing. 

Representative X–Y and X–Z scans are shown for each co-localization experiment. (A) 

Both hBest1-CFP (red) and hBest1-YFP (green) co-localized to the basolateral plasma 

membrane. (B) Both hBest1-CFP (red) and hBest1V9M-YFP (green) co-localized in 

intracellular compartments. (C) hBest1-YFP (green) was co-expressed with untagged 

hBest1W93C and cells were stained for hBest1 (red). hBest1 staining was in the basolateral 

plasma membrane, indicating that the presence of WT hBest1 rescued the mislocalization 

of hBest1W93C. Scale bars: 20 µm. 
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Figure S1. Live-cell, confocal FRET acceptor photobleaching scans of hBest1-CFP 

and mutant (R218C, W93C, and V9M) hBest1-YFP in MDCK II cells. Live-cell 

acceptor photobleaching demonstrates that hBest1-CFP and hBest1V9M-YFP exhibit 

FRET in intracellular compartments. In contrast, hBest1-CFP and either hBest1W93C-YFP 

or hBest1R218C-YFP exhibited FRET at the periphery of the cell, consistent with 

localization at the plasma membrane. FRET efficiency was highest for the positive 

control, a CFP-YFP fusion protein, and lowest for the negative control, which was 

hBest1-CFP co-expressed with YFP. Scale bar: 10 μm. 

 

Figure S2. Reciprocal co-immunoprecipitation of mBest1 and hBest1 or hBest1V9M 

in MDCK II cells. MDCK II cells were co-transfected with mBest1-GFP and either 

hBest1 or hBest1V9M. Lysates of co-transfected cells were immunoprecipitated using an 

anti-mBest1 or anti-hBest1 antibody and western blotted using a separate GFP- or 

hBest1-specific antibody. Control lanes were loaded with immunoprecipitates prepared 

from untransfected MDCK II cells. Lysate lanes were loaded using lysates from co-

transfected cells. 

 

Figure S3. Live-cell, confocal FRET acceptor photobleaching of mBest1-CFP and 

hBest1-YFP or hBest1V9M -YFP in MDCK II cells. (A) Representative X-Y scan of 

mBest1-CFP (blue, donor) and hBest1-YFP (yellow, acceptor) co-expressed in MDCK II 

cells via transfection. Live-cell acceptor photobleaching was performed by bleaching the 
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acceptor, generating the resultant image in (B), which highlights regions in the plasma 

membrane where donor intensity increased. (C) Both hBest1-YFP (n=24) and hBest1V9M-

YFP (n=24) exhibited a similar %E that differed significantly (p < 0.001) from both the 

negative (n=23) and positive control (n=26). Scale bar: 10 μm. Error bars indicate ± SD. 

 

Figure S4. Western blotting of hBest1-YFP and untagged hBest1W93C in MDCK II 

cells. Polarized monolayers of MDCK II cells were made to co-express hBest1-YFP, 

untagged hBest1W93C, or hBest1-YFP and hBest1W93C via adenovirus mediated gene 

transfer. Western blotting for YFP identified hBest1-YFP at ~95 kDa in MDCK II cells, 

but did not detect untagged hBest1. Western blotting for hBest1 detected hBest1-YFP as 

well as untagged hBest1W93C at ~68 kDa. Lanes loaded with lysates from co-expressing 

MDCK II cells displayed both hBest1 bands (tagged and untagged) when blotted for 

hBest1, while lanes loaded with lysates from cells expressing either hBest1-YFP or 

hBest1W93C showed only one hBest1 band. 
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Figure 1. Anion permeability of hBest1 and hBest1V9M. 
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Figure 2. Localization of hBest1 and hBest1 mutants (R218C, V9M and W93C) in 

MDCK II cells as determined by confocal microscopy. 
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Figure 3. Localization of endogenous hBest1, overexpressed hBest1, and 
overexpressed hBest1 mutants (R218C, W93C, and V9M) in fhRPE cells.  
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Figure 4. Reciprocal co-immunoprecipitation of hBest1 and mutant hBest1 in 
MDCK II cells.  
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Figure 5. Live-cell, confocal FRET acceptor photobleaching of hBest1-CFP and 
hBest1-YFP or mutant (R218C, W93C and V9M) hBest1-YFP in MDCK II cells. 
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Figure 6. Localization of hBest1 and hBest1V9M in the mouse eye. 
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Figure 7. Effect of hBest1 on localization of hBest1V9M, or hBest1W93C in MDCK II 

cells. 
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Figure S1. Live-cell, confocal FRET acceptor photobleaching scans of hBest1-CFP 

and mutant (R218C, W93C, and V9M) hBest1-YFP in MDCK II cells.  

 

 

 

 

  



131 

Figure S2. Reciprocal co-immunoprecipitation of mBest1 and hBest1 or hBest1V9M 
in MDCK II cells.  
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Figure S3. Live-cell, confocal FRET acceptor photobleaching of mBest1-CFP and 
hBest1-YFP or hBest1V9M -YFP in MDCK II cells.  
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Figure S4. Western blotting of hBest1-YFP and untagged hBest1W93C in MDCK II 
cells. 
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APENDIX C: DISEASE-CAUSING MUTATIONS ASSOCIATED WITH FOUR 

BESTROPHINOPATHIES EXHIBIT DISPARATE EFFECTS ON THE 

LOCALIZATION, BUT NOT THE OLIGOMERIZATION, OF BESTROPHIN-1 

 

This paper has been accepted for publication in Experimental Eye Research and is in 

press. 
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Abstract 

BEST1 encodes Bestrophin-1 (Best1), a homo-oligomeric, integral membrane protein 

localized to the basolateral plasma membrane of the retinal pigment epithelium. 

Mutations in BEST1 cause five distinct retinal degenerative diseases, including adult 

vitelliform macular dystrophy (AVMD), autosomal recessive bestrophinopathy (ARB), 

autosomal dominant vitreoretinochoroidopathy (ADVIRC), and retinitis pigmentosa 

(RP). The mechanisms underlying these diseases and why mutations cause one disease 

over another are, for the most part, unknown. To gain insights into these four diseases, 

we expressed 28 Best1 mutants fused to YFP in polarized MDCK monolayers and, via 

confocal microscopy and immunofluorescence, live-cell FRET, and reciprocal co-

immunoprecipitation experiments, screened these mutants for defects in localization and 

oligomerization. All 28 mutants exhibited comparable FRET efficiencies to and co-

immunoprecipitated with WT Best1, indicating unimpaired oligomerization. RP- and 

ADVIRC-associated mutants were properly localized to the basolateral plasma 

membrane of cells, while two AVMD and most ARB mutants were mislocalized. When 

co-expressed, all mislocalized mutants caused mislocalization of WT Best1to 

intracellular compartments. Our current and past results indicate that mislocalization of 

Best1 is not an absolute feature of any individual bestrophinopathy, occurring in AVMD, 

BVMD, and ARB. Furthermore, some ARB mutants that do not also cause dominant 

disease cause mislocalization of Best1, indicating that mislocalization is not a cause of 

disease, and that absence of Best1 activity from the plasma membrane is tolerated. Lastly, 

we find that the ARB truncation mutants L174Qfs*57 and R200X can form oligomers 
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with WT Best1, indicating that the first ~174 amino acids of Best1 are sufficient for 

oligomerization to occur. 

 

1. Introduction 

Mutations in the gene BEST1, encoding the protein Bestrophin-1 (Best1), are a common 

cause of inherited retinal degeneration in man. Over 200 distinct mutations (http://www-

huge.uni-regensburg.de/BEST1_database) have been reported to cause five clinically 

distinct retinopathies (Boon et al., 2009; Marmorstein et al., 2009). These are Best 

vitelliform macular dystrophy (BVMD) (Marquardt et al., 1998; Petrukhin et al., 1998), 

autosomal recessive bestrophinopathy (ARB) (Burgess et al., 2008), adult-onset 

vitelliform macular dystrophy (AVMD) (Kramer et al., 2000), autosomal dominant 

vitreoretinochoroidopathy (ADVIRC) (Yardley et al., 2004), and retinitis pigmentosa 

(RP) (Davidson et al., 2009). These diseases, collectively termed the 

“bestrophinopathies,” are clinically distinguished from one another by type of 

inheritance, effects on the electrooculogram and electroretinogram, age of disease onset, 

and location and extent of retinal lesions (Boon et al., 2009; Marmorstein et al., 2009). 

 

Best1 is a 68 kDa integral membrane protein that forms homo-oligomers (Stanton et al., 

2006). Within the eye, the protein is localized to the basolateral plasma membrane of the 

retinal pigment epithelium (RPE) (Gouras et al., 2009; Marmorstein et al., 2000). Best1 is 

an anion channel initially reported as a candidate Ca2+ activated Cl- channel (Sun et al., 

2002). However, RPE cells from Best1-/- and Best1W93C knock-in mice exhibit normal Cl- 

http://www-huge.uni-regensburg.de/BEST1_database
http://www-huge.uni-regensburg.de/BEST1_database
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conductances (Marmorstein et al., 2006; Zhang et al., 2010). Recently it was shown, 

however, that Best1 carries a glutamate conductance in hippocampal astrocytes that is not 

present in Best1-/- mice (Woo et al., 2012), providing clear evidence that Best1 functions 

as an anion channel. Similarly, Best1 was found to mediate tonic inhibition in cerebellar 

glial cells through direct permeation of GABA (Lee et al., 2010). Work from the Hartzell 

laboratory using a heterologous expression system suggests that Best1 may function as a 

HCO3
- channel, with BVMD-causing mutations abolishing HCO3

- conductance (Qu and 

Hartzell, 2008). Although no published study has analyzed the ability of Best1 to mediate 

HCO3
- transport physiologically, we have shown that the closely related ortholog 

Bestrophin-2 (Best2) mediates a HCO3
- conductance in colonic goblet cells that is absent 

in Best2-/- mice (Yu et al., 2010). Best2 is also indispensable for generating sweat, a 

process that may be driven by Best2 mediated HCO3
- flux (Cui et al., 2012). These data 

strongly support the ability of Best1 to function as an anion channel, though the anion 

conductances which are mediated by Best1 in the RPE remain to be determined. 

 

Best1 is also a known modulator of intracellular Ca2+ signaling in RPE cells. Studies in 

induced pluripotent stem cell (iPSC) derived RPE cells from BVMD patients (Singh et 

al., 2013), Best1-/- mice (Marmorstein et al., 2006), and Best1 knock-in mice harboring 

the BVMD causing mutation W93C (Zhang et al., 2010) all demonstrate that Best1 is a 

potent regulator of intracellular Ca2+ levels in RPE following stimulation with ATP. 

When co-expressed in heterologous systems, Best1 is capable of regulating the activity of 

and physically interacting with L-type voltage-dependent Ca2+ channels (Burgess et al., 
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2008; Milenkovic et al., 2011a; Reichhart et al., 2010; Rosenthal et al., 2006; Yu et al., 

2008). Recent work also suggests, however, that a sub-population of Best1 may be 

expressed in the endoplasmic reticulum adjacent to the basolateral plasma membrane, 

where its activity may serve to influence Ca2+ stores (Gomez et al., 2013; Neussert et al., 

2010).  

 

All disease-associated mutations of Best1 studied to date result in a loss of anion channel 

activity and/or altered Ca2+ signaling (Hartzell et al., 2008; Marmorstein et al., 2009; 

Xiao et al., 2010). How these aspects of Best1 dysfunction vary amongst disease 

phenotypes and what underlies these dysfunctions are, for the most part, unknown. It was 

previously shown that numerous BVMD mutants are mislocalized in stably transfected 

Madin-Darby Canine Kidney (MDCK) epithelial cells (Milenkovic et al., 2011b). MDCK 

cells do not express endogenous Best1, however, and Best1 is known to form homo-

oligomers (Stanton et al., 2006; Sun et al., 2002). For this reason, we recently analyzed 

BVMD mutant localization in MDCK cells as well as fetal human RPE (fhRPE) cells and 

RPE in the mouse eye, as both fetal human and mouse RPE express endogenous Best1 

(Bakall et al., 2003; Johnson et al., 2013). We found that MDCK cells are a valid, 

predictive model for Best1 localization in the RPE. We also discovered that the three 

BVMD mutants tested form oligomers with WT Best1 and that WT and mutant Best1 can 

influence the localization of each other (Johnson et al., 2013). Since defects in 

localization and oligomerization are known to underlie other channelopathies (Jentsch et 

al., 2005; Pedemonte and Galietta, 2012), we were curious how mutations causal for the 
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remaining bestrophinopathies impacted these parameters. In this study, we examined how 

28 mutations associated with AVMD, ARB, RP, and ADVIRC (http://www-huge.uni-

regensburg.de/BEST1_database) impact the localization and oligomerization of Best1. 

We conclude that none of the bestrophinopathies are associated with oligomeric defects 

and, while numerous AVMD and ARB mutants are mislocalized, failure to traffic to the 

plasma membrane alone is insufficient to distinguish between these retinopathies and 

other pathogenic mechanisms are likely involved. Recessive ARB mutants also caused 

mislocalization of WT Best1 in intracellular compartments, further indicating that 

mislocalization is not, on its own, pathogenic and that the functional loss of Best1 from 

the plasma membrane is well tolerated.  

 

2. Materials and methods 

2.1. Cell culture 

MDCK II cells (American Type Culture Collection, Manassas, VA, USA) were 

maintained in a 95% air 5% / CO2 environment at 37°C. Cells were grown in Dulbecco's 

Modification Eagle's Medium (Cellgro, Manassas, VA, USA) supplemented with 10% 

fetal bovine serum and penicillin/streptomycin solution (Cellgro, Manassas, VA, USA). 

For immunofluorescence and co-immunoprecipitation studies, MDCK cells were plated 

at confluence on 1.0 cm2 Transwell filters (Corning, Corning, NY, USA) and maintained 

for 5 days prior to infections with replication defective type 5 adenovirus vectors at a 

multiplicity of infection (MOI) of 30 and used 48 hrs later. For fluorescence resonance 

energy transfer (FRET) studies, MDCK cells were plated onto coverslips in 35 mm glass 

http://www-huge.uni-regensburg.de/BEST1_database
http://www-huge.uni-regensburg.de/BEST1_database
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bottom culture dishes (MatTek Corporation, Ashland, MA, USA) and subjected to the 

same protocol. For FRET studies involving the positive and negative control (CFP-YFP 

and Best1-CFP co-expressed with YFP, respectively), MDCK cells were transfected 

using Lipofectamine 2000 (Invitrogen, Grand Island, NY, USA) at ~80% confluence and 

used 48 hrs later. 

 

2.2. Plasmid constructs 

Best1 with a 6x-c-myc tag at the C-terminus (Best1-c-myc) in the pRK5 plasmid (kindly 

provided by Dr. Jeremy Nathans (Sun et al., 2002)) as well as replication defective 

adenoviral vectors carrying Best1-CFP and Best1-YFP have been previously described 

(Johnson et al., 2013). Mutations causal for AVMD, ARB, ADVIRC, and RP were 

generated in Best1-YFP in the viral shuttle vector pacAd5CMVK-NpA (provided by the 

Gene Transfer Vector Core, University of Iowa, Iowa City, IA, USA) via site-directed 

mutagenesis using a kit according to the manufacturer’s instructions (Agilent 

Technologies, Santa Clara, CA, USA). For those mutations resulting in early stop codons, 

the region prior to the stop codon was excised and placed in-frame with YFP in the viral 

shuttle vector. Best1 tagged with c-myc was inserted into the shuttle vector 

pacAd5CMVK-NpA and, along with the newly generated mutants, sent to the Gene 

Transfer Vector Core at the University of Iowa for generation, amplification, purification, 

and titration of replication defective adenoviral vectors. Replication defective adenoviral 

vectors carrying the untagged Best1 mutants L140V, Y227C, and D228N were used for 
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initial localization studies and generated according to the method of Hardy et al. (Hardy 

et al., 1997) as described previously (Marmorstein et al., 2004). 

 

2.3. Immunofluorescence 

Immunofluorescence was performed as before (Johnson et al., 2013). In brief, transduced 

MDCK cells were stained for nuclei and/or the endogenous, apical plasma membrane 

protein gp135 using 4′,6-diamidino-2-phenylindole and the mouse, monoclonal antibody 

3F4 (generous gift of Dr. George Ojakian, SUNY Health Science Center at Brooklyn, 

NY, USA), respectively. Images were obtained using a 40X oil immersion objective on a 

Leica SP5 confocal microscope. For co-localization analysis, MDCK cells were stained 

for c-myc using a rabbit, polyclonal antibody specific to c-myc (Sigma-Aldrich, St. 

Louis, MO, USA). 

 

2.4. FRET 

FRET was performed as described previously (Johnson et al., 2013). Live MDCK cells 

were imaged using a 40X oil immersion objective and the 514 nm laser on a Leica SP5 

confocal microscope was used to bleach the acceptor, Best1-YFP. Excitations were 458 

nm and 514 nm and emissions were collected from 465 to 505 nm and 525 to 600 nm for 

the donor (CFP) and acceptor (YFP), respectively. Fluorescence for the donor, Best1-

CFP, was measured before and after bleaching in ImageJ and FRET efficiency (%E) was 

calculated as follows:  

% E = ((Donorpostbleach – Donorprebleach) / (Donorpostbleach) x 100 
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2.5. Immunoprecipitation and western blotting 

Reciprocal co-immunoprecipitation experiments were done as before (Johnson et al., 

2013) using adenoviral vectors. All experiments were performed on polarized MDCK 

monolayers grown on Transwell filters (Corning, Corning, NY, USA). Cells were 

infected at confluence at a MOI of 30 and, 48 hrs later, filters were harvested for 

immunoprecipitation. Cells were immunoprecipitated using rabbit, polyclonal antibodies 

specific to either YFP (Clontech, Mountain View, CA, USA) or c-myc (Sigma-Aldrich, 

St. Louis, MO, USA). Western blotting was then performed using a mouse, monoclonal 

antibody specific to the opposite tag, either c-myc (9E10; Invitrogen, Grand Island, NY, 

USA) or YFP (JL-8; Clontech, Mountain View, CA, USA). For the immunoprecipitation 

and blotting of WT Best1-YFP compared to the four truncation mutants, MDCK cells 

were immunoprecipitated for YFP using a rabbit, polyclonal antibody (Clontech, 

Mountain View, CA, USA) and western blotted back using a mouse, monoclonal 

antibody specific to YFP (JL-8; Clontech, Mountain View, CA, USA).  

 

2.6. Patch clamp electrophysiology 

Currents were recorded from HEK293 cells using the whole-cell configuration of the 

patch-clamp technique as described in (Adomaviciene et al., 2013). Cells were transiently 

transfected with 2 µg of Best1 (WT or tagged) cDNA using Fugene HD (Roche) 

according to manufacturer’s instructions and used 2 days after transfection.  Intracellular 

recording solution contained (in mM): 20 CsCl, 110 Cs-aspartate, 2 MgCl2, 10 glucose, 
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10 HEPES, 10 EGTA, 7.2 CaCl2 (giving free Ca2+ concentration of ~0.5 μM), pH was 7.2 

(adjusted with CsOH). Extracellular recording solution contained (in mM): 140 NaCl, 2 

CaCl2, 1 MgCl2, 10 glucose, 30 mannitol, 10 HEPES, pH was 7.4 (adjusted with NaOH). 

Recording started at least 3 minutes after whole-cell configuration was established in 

order to allow the intracellular solution to equilibrate with the intracellular milieu 

(Adomaviciene et al., 2013). Current versus voltage relationships were constructed by 

measuring the amplitude of the steady-state current in response to 450 ms test pulses 

from -120 mV to +80 mV in 20 mV increments. The holding potential was -50 mV. 

Currents were sampled at 10 kHz and filtered at 5 kHz. Membrane current densities were 

calculated by dividing the current by the cell capacitance. ANOVA with Bonferroni's 

post-test was used for statistical analysis and p<0.05 was considered significant. Data are 

given as mean±SEM. 

 

3. Results 

3.1. The C-terminal addition of CFP and YFP tags to Best1 does not abolish Best1 anion 

channel activity 

It was previously shown that the addition of a 6X c-myc tag to the C-terminus of Best1 

does not impact the ability of Best1 to mediate anion transport in heterologous cells (Sun 

et al., 2002). To determine if the addition of CFP or YFP to the C-terminus of Best1 

impacts its anion channel activity, we performed whole cell patch clamp on human 

embryonic kidney (HEK293) cells transfected with untagged Best1, Best1-CFP, or Best1-

YFP. As shown in Figure 1, cells expressing Best1-CFP or Best1-YFP exhibited a Cl- 
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conductance that is absent in untransfected cells and is generally comparable to cells 

expressing untagged Best1. This demonstrates that the addition of CFP or YFP to the C-

terminus of Best1 does not abolish its anion channel activity. Although cells expressing 

Best1-CFP or Best1-YFP exhibited robust Cl- conductances compared to untransfected 

cells, currents in cells expressing Best1-CFP were slightly higher than those in cells 

expressing untagged Best1. Conversely, Cl- conductances were slightly lower in cells 

expressing Best1-YFP compared to those expressing untagged Best1. Thus, it is possible 

that the addition of these tags may exert mild effects on Best1’s anion channel activity.  

 

3.2. ADVIRC and RP mutants are properly localized while numerous AVMD and ARB 

mutants are mislocalized 

Using adenovirus-mediated gene transfer, WT and mutant Best1 were expressed in 

polarized monolayers of MDCK cells grown on Transwell filters. Cells were stained for 

the apical protein marker gp135 as well as nuclei for positional referencing and confocal 

X-Y and X-Z scans were used to examine the localization of Best1. To help ensure that 

the localization phenotypes observed were due to mutant defects and not to mis-sorting 

caused by excess protein, we used a MOI for each adenoviral vector intended to limit 

potential artifacts due to overexpression. As a result, expression levels varied with some 

cells in the confocal scans not expressing WT or mutant protein. Consistent with its 

localization in RPE (Marmorstein et al., 2000), Best1-YFP localized to the basolateral 

plasma membrane, with very little of the protein accumulating inside cells. No co-

localization with the apical plasma membrane was observed (Fig. 2). The ADVIRC 
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mutants V86M, V235A, Y236C, and V239M, the RP mutants L140V, I205T, Y227C, 

and D228N, and the AVMD mutants R47H, A146L, and A243V all exhibited a similar 

localization to WT Best1 (Fig. 2). The AVMD mutants T6P and D312N, however, were 

found predominantly in intracellular compartments (Fig. 2).  

 

We next examined the localization of mutants associated with ARB (Fig. 3). We found 

that the mutants L41P, P101T, N179del, A195V, L472PfsX10, and H490QfsX24 were 

localized to the basolateral plasma membrane (Fig. 3). In contrast, the mutants R141H, 

R141S, P152A, L174Qfs*57, L191P, R200X, E213G, V317M, and M325T accumulated 

in intracellular compartments (Fig. 3). These data are in agreement with findings by 

Davidson et al., which showed that, when transiently transfected into MDCK cells, L41P 

and A195V were properly localized while P152A, V317M, and M325T were not 

(Davidson et al., 2011). Although differences were observed, most mislocalized AVMD 

and ARB mutants were found in the cytoplasm between the apical plasma membrane and 

the nuclei (Figs. 2 and 3), suggesting that many may be mislocalized to the same 

intracellular compartments. 

 

3.3. Mislocalized ARB and AVMD mutants co-localize with WT Best1  

We have previously shown that, in polarized MDCK cells, the BVMD mutant W93C is 

mislocalized on its own and is rescued to the plasma membrane by the presence of WT 

Best1. Conversely, the BVMD mutant V9M mutant is mislocalized on its own and, when 

co-expressed together, dominantly mislocalizes WT Best1 (Johnson et al., 2013). Since 
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we know that WT and mutant Best1 can influence the localization of each other , we co-

expressed mislocalized, mutant Best1 fused to YFP with WT Best1-c-myc in MDCK 

cells via adenovirus-mediated gene transfer (Figs. 4 and 5). Cells were stained for c-myc 

as well as the apical protein marker gp135 for positional referencing. Co-localization 

between Best1-c-myc and mutant Best1-YFP was analyzed using confocal X-Y (Fig. 4) 

and X-Z scans (Fig. 5). WT Best1-YFP and Best1-c-myc co-localized in the basolateral 

plasma membrane (Figs. 4 and 5). Interestingly, all mislocalized mutants (T6P, R141H, 

R141S, P152A, L174Qfs*57, L191P, R200X, E213G, D312N, V317M, and M325T) co-

localized with WT Best1-c-myc predominantly in intracellular compartments in both the 

X-Y (Fig. 4) and X-Z (Fig. 5) scans. For some mutants (e.g., R141H, R141S, 

L174Qfs*57, and R200X), cells were occasionally observed that showed some co-

localization at the cell periphery in the X-Y scans (Fig. 4), suggesting that WT Best1 may 

exert at least a partial rescue effect.  

 

3.4. ADVIRC, RP, AVMD, and ARB mutants form oligomers with WT Best1 

That mislocalized AVMD and ARB mutants robustly co-localize with WT Best1 (Figs. 4 

and 5) suggests that these diseases are not associated with oligomeric defects. To test this 

further, we performed reciprocal, co-immunoprecipitation experiments between Best1-c-

myc and all 28 mutants fused to YFP using antibodies specific to each of these tags. 

Confluent, polarized MDCK cells were made to express both forms of Best1 using 

replication defective adenoviruses. As we reported previously, Best1 with a 6x-c-myc tag 

(~75 kDa) and Best1 with a YFP tag (~95 kDa) were capable of reciprocal co-
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immunoprecipitation with each other (Fig. 6A-C). In contrast, Best1-c-myc and Best1-

YFP were unable to co-immunoprecipitate with gp135, a 135 kDa apical plasma 

membrane protein endogenous to MDCK cells (Fig. 6D). Best1-c-myc and all 28 mutants 

fused to YFP immunoprecipitated the other tagged form of Best1 (Fig. 6A-C), indicative 

of physical interaction and hetero-oligomer formation between WT and mutant Best1. 

We also immunoprecipitated and western blotted for Best1-YFP and the four truncation 

mutants (L174Qfs*57, R200X, L472PfsX10, and H490QfsX24) fused to YFP. We find 

that all four mutants were expressed and migrated at their predicted Mr (Fig. 6C, E).  

 

To validate that Best1 mutants form oligomers with WT Best1 rather than aggregates due 

to protein overexpression, we performed live-cell, confocal, FRET acceptor 

photobleaching in polarized MDCK cells. This experimental approach has been 

successfully used to assess and quantify the interaction of channels at the plasma 

membrane (Johnson et al., 2013; Sheridan et al., 2011). Confluent cells were made to co-

express Best1-CFP and either WT or mutant Best1-YFP via adenovirus-mediated gene 

transfer. FRET was quantified by the increase in donor (CFP) fluorescence following 

photobleaching of the acceptor (YFP), as indicated in the methods. In all cases the FRET 

efficiencies significantly differed (p < 0.001) from the positive and negative controls, 

which were a CFP-YFP fusion protein and Best1-CFP co-expressed with YFP, 

respectively (Fig. 7). FRET efficiency for the positive control, CFP-YFP, was near-

maximal at 46.74% ± 4.37 (mean ± s.d., n = 23). Pre- and post-bleach photos highlighting 

this near-maximal FRET efficiency for CFP-YFP are shown in Supplementary Figure 1. 
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FRET efficiency for the negative control, Best1-CFP co-expressed with YFP, was at 

background at 2.14% ± 2.36 (n = 24). As we observed previously (Johnson et al., 2013), 

both Best1-CFP and Best1-YFP exhibited FRET in the plasma membrane (Fig. 7A, B). 

When co-expressed with Best1-CFP, all 28 mutants associated with ADVIRC, AVMD, 

ARB, and RP exhibited FRET efficiencies that did not differ significantly from the FRET 

efficiency of Best1-CFP and WT Best1-YFP (Fig. 7C). The p-values for FRET between 

WT and mutant Best1 ranged from 0.1249 (n= 21, P101T) to 0.8811 (n= 24, R200X).  

FRET between Best1-CFP and Best1-YFP was 13.64% ± 1.67 (n = 21). The mutant 

FRET efficiencies ranged from 12.45% ± 3.56 (n = 20, N179del) to 14.77% ± 2.33 (n = 

20, A146L) and, for all experiments, the value of n was greater than or equal to 19 (Fig. 

7C). Along with our co-localization and reciprocal co-immunoprecipitation experiments, 

these data strongly suggest that none of the 28 mutants associated with these four 

bestrophinopathies exhibit defects in oligomerization. The results of our localization and 

oligomerization screen are summarized in Table 1. 

 

4. Discussion 

Here, we present the results of a localization and oligomerization screen for 28 Best1 

mutants associated with ADVIRC, RP, AVMD, and ARB. We find that the fusion of 

CFP- or YFP- tags to the C-terminus does not abrogate the associated anion conductance 

of Best1 in transfected HEK293 cells (Fig. 1). This is analogous to previous findings, 

which show that the addition of a 6x-c-myc tag to the C-terminus of Best1 does not 

impact its anion channel activity in heterologous cells (Sun et al., 2002). Our findings are 



150 

summarized along with previous data for the 28 Best1 mutants tested here regarding 

anion channel activity (Burgess et al., 2008; Davidson et al., 2011; Davidson et al., 2009; 

Milenkovic et al., 2011b; Yu et al., 2006) and associated disease phenotypes 

(http://www-huge.uni-regensburg.de/BEST1_database) in Table 1. We find that missense 

mutants associated with RP and ADVIRC are all properly localized (Fig. 2), while 

mutants associated with AVMD and ARB can, like BVMD mutants (Johnson et al., 2013; 

Milenkovic et al., 2011b), be properly localized or mislocalized (Figs. 2 and 3). 

Interestingly, the ARB mutants L472PfsX10 and H490QfsX24 localized to the 

basolateral plasma membrane, indicating that amino acids 481-585 are not necessary for 

plasma membrane localization (Fig. 3). Our laboratories (Figs. 2 and 3) (Johnson et al., 

2013) as well as other laboratories (Davidson et al., 2011; Davidson et al., 2009; 

Milenkovic et al., 2011b) have investigated a number of Best1 mutants in polarized 

MDCK cells. When properly localized and mislocalized mutants are highlighted in the 

Best1 topology models proposed by Tsunenari et al. (Tsunenari et al., 2003) (Fig. S2) and 

Milenkovic et al. (Milenkovic et al., 2007) (Fig. S3), there is no distinct correlation 

between the localization of the protein and the location of the mutation within the protein. 

There are, however, high concentrations of mislocalization-inducing mutants in the 

intracellular N-terminus (Figs. S2 and S3) leading up to the first putative transmembrane 

domain, and (Figs. S2 and S3) immediately following the emergence of the final 

transmembrane domain into the cytosol. These data suggest that these regions may 

contain signals relevant to Best1 trafficking. 

 

http://www-huge.uni-regensburg.de/BEST1_database
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Consistent with our data, Milenkovic et al. also looked at the localization of mutant T6P 

and reported it to be mislocalized in stably transfected, polarized MDCK cells 

(Milenkovic et al., 2011b). They also examined mutants at amino acids positions 227 and 

243, finding that Y227N was mislocalized but that A243T was localized to the plasma 

membrane (Milenkovic et al., 2011b). Mullins et al. found that Y227N in an eye form a 

donor with BVMD was mislocalized (Mullins et al., 2005). According to our data, both 

Y227C and A243V are properly localized (Fig. 2). It is interesting that the Y227N, but 

not the Y227C, mutation results in mislocalization of the protein. It was recently 

reported, however, that different mutations at this position can have disparate effects on 

the localization of Best1, with Y227N and Y227F being mislocalized and properly 

localized, respectively (Doumanov et al., 2013). Although Y227N and Y227C are 

mutations thought to be causal for disease, Y227F has, to date, not been reported in 

association with disease. Singh et al. also examined the localization of the BVMD mutant 

A146K in iPS cell-derived RPE, finding it be properly localized (Singh et al., 2013), 

similar to our results for the AVMD mutant A146L (Fig. 2). In transiently transfected 

MDCK cells, Davidson et al. reported that the RP mutant I205T was properly localized 

but that the RP mutants L140V and D228N were mislocalized (Davidson et al., 2009).  

 

The latter two results conflict with our findings, which suggest that all of the RP-

associated mutants localize to the basolateral plasma membrane (Fig. 2). We have 

observed that, unless Best1 is expressed in a highly confluent, polarized monolayer of 

MDCK cells, it will not reliably localize to the plasma membrane. This has been shown 
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for other epithelial proteins, which require the formation of confluent, polarized 

monolayers for proper sorting to occur (Low et al., 2000; Rodriguez-Boulan and Salas, 

1989; Wang et al., 1990a, b). It has been reported, for example, that the vasopressin type-

2 receptor does not localize to the plasma membrane in transiently transfected cells, but 

does so in stably transfected cells (van Beest et al., 2006). Thus, the different results for 

these 2 mutants may be due to the use of transient transfection, which is typically 

performed in cells not fully polarized, versus the use of adenovirus-mediated gene 

transfer in highly polarized monolayers of MDCK cells. 

 

All mutants tested could reciprocally co-immunoprecipitate and exhibit FRET with WT 

Best1, including the ARB truncation mutations L174Qfs*57 and R200X (Figs. 6 and 7). 

This is unlikely to be due to overexpression, as significant plasma membrane FRET was 

observed between WT Best1 and properly localized mutants (Fig. 7). Furthermore, even 

cells expressing small quantities of WT and mutant Best1 robustly co-localized with each 

other (Figs. 4 and 5) and exhibited significant levels of FRET. These data suggest that the 

first ~174 amino acids are sufficient for the formation of oligomers with WT Best1 and 

that, like previously tested BVMD mutants (Johnson et al., 2013), oligomeric defects are 

not associated with ADVIRC, RP, AVMD, and ARB. According to both extant Best1 

topology models (Figs. S2 and S3) (Milenkovic et al., 2007; Tsunenari et al., 2003), the 

first ~174 amino acids are comprised of the intracellular N-terminus, the first 2 

transmembrane domains, and all or a significant portion of an intracellular loop following 

transmembrane domain 2. Studies on the closely related Bestrophin-2 indicate that 
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transmembrane 2 likely forms the channel pore of the bestrophins (Qu et al., 2006; Qu 

and Hartzell, 2004). Given that the channel pore is frequently the epicenter for channel 

formation (Clarke and Gulbis, 2012), it is quite feasible that, in heterozygous patients, the 

mutants L174Qfs*57 and R200X multimerize with WT Best1.  Moreover, we have 

previously shown that mouse and human Best1 can exhibit FRET and reciprocally co-

immunoprecipitate each other, despite having significant disparity in their primary amino 

acid sequence outside of their respective bestrophin domains (Johnson et al., 2013). 

Cumulatively, these data indicate that Best1 homo-oligomer formation requires at most 

the first 174 amino acids of the bestrophin domain.  

 

For ADVIRC, all 4 associated mutants localized to the basolateral plasma membrane 

(Fig. 2), indicating that mislocalization is not a component of disease pathogenesis. Since 

none of the ADVIRC mutants have been tested for anion conductance (Table 1), it is 

difficult to speculate how these missense mutations might impact Best1 function. It has 

been previously reported, however, that ADVIRC mutations lie adjacent to intron-exon 

boundaries. Assays of in vitro splicing indicate that these mutations disrupt mRNA 

splicing and generate both missense and exon-deletion mutants (Burgess et al., 2009; 

Yardley et al., 2004). Although the existence of mis-spliced Best1 mRNA has yet to be 

demonstrated in tissue, this may explain why these mutations uniquely cause ADVIRC.  

Similar to ADVIRC, all 4 RP-associated mutants were properly localized (Fig. 2). In 

transfected HEK293 cells, tested RP mutants (Table 1) exhibit diminished Cl- 

conductances compared to WT Best1 and can attenuate the Cl- current of WT protein 
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(Davidson et al., 2009). However, numerous BVMD, AVMD, and ARB mutants are also 

marked by diminished anion channel activity and, when co-expressed with WT Best1, 

impair the Cl- conductance of WT Best1 as well (Table 1) (Davidson et al., 2011; 

Hartzell et al., 2008; Xiao et al., 2010). While lack of anion transport may contribute to 

disease pathogenesis, there are likely other mechanisms involved which result in one 

bestrophinopathy over another. It is interesting that both RP and ADVIRC missense 

mutants properly localize to the basolateral plasma membrane (Fig. 2) as both RP and 

ADVIRC affect the peripheral retina and are marked by retinal pigmentary abnormalities 

(Boon et al., 2009; Davidson et al., 2009). Thus, the pathogenic mechanisms underlying 

RP and ADVIRC may be similar and RP and ADVIRC due to BEST1 mutation may be a 

manifestation of the same disease. Further studies are warranted to test this hypothesis. 

 

2 of the 5 AVMD mutants were mislocalized and the remaining 3 trafficked to the 

basolateral plasma membrane (Fig. 2). AVMD mutants exhibit a diminished Cl- 

conductance in transfected HEK293 cells and, when co-expressed, can dominantly 

suppress the channel activity of WT Best1 or exert no effect on WT conductance (Table 

1) (Davidson et al., 2011; Milenkovic et al., 2011b; Yu et al., 2006). Interestingly, T6P 

and A243V have been independently reported to cause BVMD (Kramer et al., 2000; 

Petrukhin et al., 1998) and mutations at positions T6, A146, A243, and D312 have all 

been reported to cause both BVMD and AVMD (Kramer et al., 2000; Petrukhin et al., 

1998; Schatz et al., 2010; Singh et al., 2013) . We find that, just like previously tested 

BVMD mutants (Johnson et al., 2013), AVMD mutants can be either properly localized 
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or mislocalized (Fig. 2). It has been postulated that AVMD may represent a more mild 

form of BVMD, since its distinguishing characteristic is that it is typically a later-onset 

disease and patients typically have a normal or near-normal electrooculogram (Boon et 

al., 2009; Marmorstein et al., 2009). As such, it is not surprising that, in terms of 

localization and Cl- conductances (Table 1), AVMD and BVMD are mechanistically 

similar.  

 

Our results for ARB are perhaps the most curious, as they were largely unexpected. It 

was previously hypothesized that, due to the recessive nature of ARB, this disease may 

be caused by defective oligomerization (Xiao et al., 2010). Namely, the heterozygous 

state would be recessive due to an inability of mutant Best1 to interact with and impair 

WT Best1 (Xiao et al., 2010). This is the case for recessive myotonia caused by 

mutations in CLC-1, in which some truncation mutants are unable to dimerize with WT 

subunits (Jentsch et al., 2005). Although we found this theory to be plausible, particularly 

for the 4 ARB-associated truncation mutants, our results indicate that all 16 ARB-

associated mutants tested could form oligomers with WT Best1 (Figs. 6 and 7). 

Furthermore, several ARB-associated variants exhibit a diminished Cl- conductance in 

transfected HEK293 cells (Davidson et al., 2011). Some, like L41P, significantly impair 

the conductance of WT Best1 as well, while others, like V317M and R141H, fail to 

impact the Cl- currents of WT protein (Davidson et al., 2011). This finding is puzzling, as 

our data show that WT and V317M or R141H Best1 co-localize together predominantly 
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in intracellular compartments (Figs. 4 and 5). As of yet, there is no distinct correlation 

between localization or diminished Cl- conductance and disease phenotype (Table 1).  

 

It is also curious that all mislocalized mutants, even those associated with the recessive 

disease ARB, largely mislocalized WT Best1 when co-expressed together (Figs. 4 and 5). 

This would lead us to believe that the disease pathogenesis of the bestrophinopathies is 

wholly independent of Best1’s localization to the plasma membrane. For example, 1 copy 

of an ARB allele, such as M325T, is insufficient to cause disease (Burgess et al., 2008). 

Our data show, however, that M325T causes the mislocalization of both WT and mutant 

protein when co-expressed. That mislocalized ARB mutants mislocalize WT Best1 but do 

not induce a disease phenotype in heterozygous patients, indicates that an inability to 

traffic to the membrane cannot, on its own, cause disease. This is further indicated by our 

past (Johnson et al., 2013) and current data, which show that defects in localization are 

unable to differentiate between the five retinal degenerative diseases associated with 

Best1. Moreover, patients homozygous for properly localized ARB mutants – such as 

L472PfsX10 (Fig. 3) – still exhibit an ARB phenotype (Bitner et al., 2011), 

demonstrating that mislocalization is not a necessary component of ARB pathogenesis. 

Given the sum of findings for all Best1 mutants we propose that failure of Best1 to traffic 

to the plasma membrane is not sufficient to cause disease, and that the absence of Best1 

activity at the plasma membrane is well tolerated.  
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This conclusion is contingent upon the assumption that ARB mutants are truly recessive. 

Although a minority, some ARB mutants have been independently reported as dominant 

BVMD or AVMD mutants (http://www-huge.uni-regensburg.de/BEST1_database). For 

example, D312N is associated with both ARB and AVMD and L41P is associated with 

both ARB and BVMD (Table 1). The majority of ARB mutants remain exclusively 

associated with ARB, however, and our data show that these (i.e., M325T) induce the 

mislocalization of WT Best1 (Figs. 4 and 5). Furthermore, we have previously shown that 

the BVMD mutant W93C is mislocalized on its own, but is rescued to the plasma 

membrane in the presence of WT Best1 (Johnson et al., 2013). Despite the differences in 

trafficking, patients heterozygous or homozygous for the mutation W93C exhibit a 

comparable disease phenotype (Bakall et al., 2007). We would thus still argue that Best1 

mislocalization is not by itself pathogenic. It remains possible, however, that these 

mutants may cause dominant disease is some cases, and that other factors may cause 

them to present as recessive disease in others. Further efforts are warranted to understand 

why some mutations are associated with multiple disease phenotypes. 

 

Lastly, we did not look at specific patterns of localization – we only looked to see 

whether or not a mutant was localized to the basolateral plasma membrane or was 

mislocalized to intracellular compartments. It was previously reported by Davidson et al. 

that some ARB mutants are targeted to the proteasome while others are not (Davidson et 

al., 2011). Similarly, we observed that, although most mislocalized mutants exhibited 

similar patterns of localization, others were distinct. For example, in the X-Z scans, the 

http://www-huge.uni-regensburg.de/BEST1_database
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mutant R200X was found diffuse throughout the cytoplasm while the mutant T6P was 

more punctate and concentrated between the nuclei and the apical plasma membrane. It is 

possible that these mutants traffic to different compartments and also differ in their 

handling (e.g., degraded via lysosomes, proteasomes, or autophagosomes). Differences 

such as these could further distinguish individual mutations, and potentially differentiate 

mislocalization in different diseases. Moreover, we did not assess the functional 

consequences (e.g., cell loss) of mislocalized mutants in RPE cells. Although 

compartmental trafficking of mutants and the functional consequences of mislocalization 

are beyond the scope of this study, they should be the subject of future investigations.  

 

In summary, we find that AVMD, ARB, ADVIRC, and RP are associated with disparate 

effects on Best1 localization, but not oligomerization. The etiology of these diseases 

remains poorly understood and further efforts to understand the unique pathogenesis of 

each one are warranted. We postulate that unique changes in Ca2+ homeostasis, 

phagocytosis, binding partners (e.g., voltage-dependent Ca2+ channels (Milenkovic et al., 

2011a; Reichhart et al., 2010; Yu et al., 2008), regulatory kinases (Marmorstein et al., 

2002; Xiao et al., 2009), etc.), and/or other factors may underlie the differential 

pathogenesis of one disease over another.  
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Figure Legends and Tables 

Figure 1. Whole-cell chloride currents mediated by untagged, CFP-tagged and YFP-

tagged Best1 channels. (A) Whole-cell currents recorded from HEK293 cells expressing 

untagged Best1 (WT) or Best1 tagged with CFP or YFP, as indicated. Dashed lines 

represent the zero current level. Voltage protocol is shown in the upper panel. (B) Mean 

whole-cell current density versus voltage relationship. The number of experiments was 5-

8 in each case. Tagged and untagged Best1 currents were significantly higher than those 

observed in untransfected cells, indicating that the C-terminal addition of CFP or YFP 

does not abolish the associated anion channel activity of Best1.  

 

Figure 2. Localization of Best1 and ADVIRC-, RP-, as well as AVMD-associated 

mutants in MDCK cells as determined by confocal microscopy. Representative X-Y 
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and X-Z scans of WT or mutant Best1-YFP (green) are shown. WT or mutant Best1 were 

expressed in confluent, polarized monolayers of MDCK cells via adenovirus-mediated 

gene transfer and stained for the endogenous apical protein gp135 (red) and nuclei (blue) 

for positional referencing. All ADVIRC (V86M, V235A, Y236C, and V239M) and RP 

(L140V, I205T, Y227C, and D228N) mutants localized to the basolateral plasma 

membrane. For AVMD-associated mutants, T6P and D312N were intracellular while 

R47H, A146L, and A243V were properly localized. Ap and Bl stand for apical and 

basolateral, respectively. Scale bars: 20 µm. 

 

Figure 3. Localization of ARB-associated mutants in MDCK cells as determined by 

confocal microscopy. Representative X-Y and X-Z scans of mutant Best1-YFP (green) 

are shown. Mutant Best1 was expressed in confluent, polarized monolayers of MDCK 

cells via adenovirus-mediated gene transfer and stained for the endogenous apical protein 

gp135 (red) and nuclei (blue) for positional referencing. L41P, P101T, N179del, A195V, 

L472PfsX10, and H490QfsX24 were localized to the basolateral plasma membrane. In 

contrast, R141H, R141S, P152A, L174Qfs*57, L191P, R200X, E213G, V317M, and 

M325T were found in intracellular compartments. Scale bars: 20 µm. 

 

Figure 4. Co-localization X-Y scans between mislocalized AVMD- and ARB-

associated mutants and WT Best1 as determined by confocal microscopy. 

Representative merged X-Y scans of WT and mutant Best1-YFP co-expressed with 

Best1-c-myc are shown. Confluent, polarized monolayers of MDCK cells were made to 
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express both Best1-c-myc and WT or mutant Best1-YFP (green) via adenovirus-mediated 

gene transfer. Cells were stained for c-myc (red) and, for positional referencing, the 

endogenous apical protein gp135 (cyan). Best1-YFP co-localized with Best1-c-myc in 

the basolateral plasma membrane, while all 11 mislocalized mutants (T6P, R141H, 

R141S, P152A, L174Qfs*57, L191P, R200X, E213G, D312N, V317M, and M325T 

Best1) co-localized with Best1-c-myc predominantly in intracellular compartments. Scale 

bar: 20 µm. 

 

Figure 5. Co-localization X-Z scans between mislocalized AVMD- and ARB-

associated mutants and WT Best1 as determined by confocal microscopy. 

Representative merged X-Z scans of WT and mutant Best1-YFP co-expressed with 

Best1-c-myc are shown. Confluent, polarized monolayers of MDCK cells were made to 

express both Best1-c-myc and WT or mutant Best1-YFP (green) via adenovirus-mediated 

gene transfer. Cells were stained for c-myc (red) and, for positional referencing, the 

endogenous apical protein gp135 (cyan). Best1-YFP co-localized with Best1-c-myc in 

the basolateral plasma membrane, while all 11 mislocalized mutants (T6P, R141H, 

R141S, P152A, L174Qfs*57, L191P, R200X, E213G, D312N, V317M, and M325T 

Best1) co-localized with Best1-c-myc predominantly in intracellular compartments. Scale 

bar: 20 µm. 

 

Figure 6. Reciprocal co-immunoprecipitation of Best1-c-myc and WT or mutant 

Best1-YFP in MDCK cells. (A) MDCK cells were transduced to express both Best1-c-
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myc (~75 kDa) and WT or mutant Best1-YFP (~95 kDa) using adenovirus-mediated gene 

transfer. Co-expressing cells were lysed and Best1 immunoprecipitated using an anti-

YFP antibody and western blotted using an antibody specific to c-myc. Control lanes 

were loaded with immunoprecipitates prepared from uninfected MDCK cells. All other 

lanes were loaded with immunoprecipitated Best1. (B) Excluding the four ARB 

truncation mutants, MDCK cells were transduced to express both Best1-c-myc (~75 kDa) 

and WT or mutant Best1-YFP (~95 kDa) using adenovirus-mediated gene transfer. Co-

expressing cells were lysed and Best1 immunoprecipitated using an anti-c-myc antibody 

and western blotted using an antibody specific to YFP. (C)  Lanes were loaded with 

MDCK cells co-expressing WT Best1-c-myc and YFP- tagged ARB truncation mutants 

(L174Qfs*57, R200X, L472PfsX10, and H490QfsX24 Best1-YFP ). Cells were 

immunoprecipitated using an antibody specific to c-myc and blotted back using an 

antibody specific to YFP. (D) MDCK cells were infected with either Best1-c-myc or 

Best1-YFP via adenovirus-mediated gene transfer. Best1 was immunoprecipitated using 

anti-c-myc or anti-YFP antibodies and blotted back using an antibody specific to gp135 

(135 kDa). Lysate lanes were loaded using lysates from cells infected with either Best1-c-

myc or Best1-YFP. (E) MDCK cells were infected with Best1-YFP or with one of the 

truncation mutants (L174Qfs*57, R200X, L472PfsX10, and H490QfsX24 Best1-YFP). 

Best1 was immunoprecipitated using an anti-YFP antibody and blotted back using a 

separate anti-YFP antibody.  
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Figure 7. Live-cell, confocal FRET acceptor photobleaching of Best1-CFP and WT 

or mutant Best1-YFP in MDCK cells. (A) Representative X-Y scan of Best1-CFP 

(blue, donor) and Best1-YFP (yellow, acceptor) co-expressed in polarized MDCK cells 

using adenovirus-mediated gene transfer. Using a 514 nm laser on a confocal microscope, 

live-cell acceptor photobleaching was performed, generating the resultant image in (B), 

which highlights regions in the plasma membrane where donor intensity was increased 

post-bleaching. (C) For all experiments, n ≥ 19.  FRET efficiencies (% E) were 

determined for Best1-CFP paired with WT or mutant Best1-YFP via adenovirus-

mediated gene transfer. As a positive control, MDCK cells were transfected with a CFP-

YFP fusion protein. As a negative control, MDCK cells were co-transfected with Best1-

CFP and YFP. WT and mutant Best1 had % E’s that did not significantly differ from 

each other, but did significantly differ from the negative and positive controls (p < 

0.001). Scale bar: 10 µm. Error bars indicate ± S.D. 

 

Figure S1. Live-cell, confocal FRET acceptor photobleaching of CFP-YFP in 

MDCK cells. (A) Representative X-Y scan of CFP (blue, donor) and YFP (yellow, 

acceptor) fluorescence in MDCK cells transfected with a FRET positive control, CFP-

YFP. Live-cell acceptor photobleaching was performed, generating the resultant image in 

(B), which highlights regions in the cell where donor intensity was increased post-

bleaching. Scale bar: 10 µm. 
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Figure S2. Location of properly localized and mislocalized mutants in the topology 

model proposed by Milenkovic et al. 

The putative topology model proposed by Milenkovic et al. (Milenkovic et al., 2007) is 

shown. Black circles indicate amino acids that have not been investigated with regard to 

mutant trafficking in highly confluent, polarized MDCK cells. Green circles indicate 

mutants we and others report to be properly localized. Red circles indicate mutants we 

and others report to be mislocalized. The orange circle refers to amino acid position 

Y227, where mutants can be either properly localized (e.g., Y227C) or mislocalized (e.g., 

Y227N). Numbers indicate the beginning and end of each of the six potential 

transmembrane domains and letters indicate the amino acid that was investigated with 

regard to trafficking. Properly localized mutants shown are L41P, R47H, S79C, F80L, 

L82V, V86M, P101T, L140V, A146L, N179del, A195V, I205T, R218C, Y227C, 

D228N, V235A, Y236C, V239M, A243T, A243V, L472PfsX10, and H490QfsX24. 

Mislocalized mutants shown are T6P, V9M, W24C, R92S, W93C, R141H, R141S, 

P152A, L174Qfs*57, L191P, R200X, E213G, L224M, Y227N, T237R, F305S, V311G, 

D312N, V317M, and M325T. Localization data for these mutants comes from the present 

study, our recent work (Johnson et al., 2013), and the findings of Milenkovic et al. 

(Milenkovic et al., 2011b). The four circles outlined in blue represent truncation mutants.  

 

Figure S3.  Location of properly localized and mislocalized mutants in the topology 

model proposed by Tsunenari et al. 
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The putative topology model proposed by Tsunenari et al. (Tsunenari et al., 2003) is 

shown. Black circles indicate amino acids that have not been investigated with regard to 

mutant trafficking in highly confluent, polarized MDCK cells. Green circles indicate 

mutants we and others report to be properly localized. Red circles indicate mutants we 

and others report to be mislocalized. The orange circle refers to amino acid position 

Y227, where mutants can be either properly localized (e.g., Y227C) or mislocalized (e.g., 

Y227N). Numbers indicate the beginning and end of each of the six potential 

transmembrane domains and letters indicate the amino acid that was investigated with 

regard to trafficking. Properly localized mutants shown are L41P, R47H, S79C, F80L, 

L82V, V86M, P101T, L140V, A146L, N179del, A195V, I205T, R218C, Y227C, 

D228N, V235A, Y236C, V239M, A243T, A243V, L472PfsX10, and H490QfsX24. 

Mislocalized mutants shown are T6P, V9M, W24C, R92S, W93C, R141H, R141S, 

P152A, L174Qfs*57, L191P, R200X, E213G, L224M, Y227N, T237R, F305S, V311G, 

D312N, V317M, and M325T. Localization data for these mutants comes from the present 

study, our recent work (Johnson et al., 2013), and the findings of Milenkovic et al. 

(Milenkovic et al., 2011b) The four circles outlined in blue represent truncation mutants. 
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Table 1. Summary of localization, co-localization, and oligomerization findings for mutant and 
WT Best1.  
 
Mutant Associated 

Diseases 
Properly 
Localized 

Co-localizes 
with WT Best1 
at the Plasma 
Membrane 

Forms 
Oligomers 
with WT Best1 

Diminished 
Chloride 
Conductance 

WT N/A + + + N/A 
T6P AVMD, 

BVMD 
- - + +,Σ 

L41P ARB, BVMD + N/A + +*,¥ 
R47H AVMD + N/A + Untested 
V86M ADVIRC + N/A + Untested 
P101T ARB, BVMD + N/A + Untested 
L140V RP, ARB + N/A + +*,‡ 
R141H ARB, BVMD - - + +**,† 
R141S ARB - - + Untested 
A146L AVMD + N/A + Untested 
P152A ARB - - + +**,† 
L174Qfs*57 ARB - - + Untested 
N179del ARB + N/A + Untested 
L191P ARB - - + Untested 
A195V ARB, BVMD + N/A + +**,¥ 
R200X ARB - - + Untested 
I205T RP + N/A + +*,‡ 
E213G ARB - - + Untested 
Y227C RP, BVMD + N/A + Untested 
D228N RP + N/A + Untested 
V235A ADVIRC + N/A + Untested 
Y236C ADVIRC + N/A + Untested 
V239M ADVIRC + N/A + Untested 
A243V AVMD + N/A + +**,Ω 
D312N AVMD, ARB - - + +*,¥ 
V317M ARB - - + +**,¥ 
M325T ARB - - + +*,¥ 
L472PfsX10 ARB + N/A + Untested 
H490QfsX24 ARB, BVMD + N/A + Untested 
 
* = Mutant significantly suppresses the chloride conductance of WT Best1. 
** = Mutant does not significantly alter the chloride conductance of WT Best1. 
+ = Properly localized/Co-localizes at the plasma membrane/Forms oligomers with WT 
Best1/Exhibits a diminished chloride conductance 
- = Mislocalized/Co-localizes in intracellular compartments 
 
†  Previously reported by (Burgess et al., 2008) 
‡ Previously reported by (Davidson et al., 2009) 
¥ Previously reported by (Davidson et al., 2011) 
Σ Previously reported by (Milenkovic et al., 2011b) 
Ω Previously reported by (Yu et al., 2006) 

http://www.iovs.org.ezproxy1.library.arizona.edu/content/52/6/3730/T1.expansion.html#fn-4
http://www.iovs.org.ezproxy1.library.arizona.edu/content/52/6/3730/T1.expansion.html#fn-3
http://www.iovs.org.ezproxy1.library.arizona.edu/content/52/6/3730/T1.expansion.html#fn-3
http://www.iovs.org.ezproxy1.library.arizona.edu/content/52/6/3730/T1.expansion.html#fn-4
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Figure 1. Whole-cell chloride currents mediated by untagged, CFP-tagged and YFP-
tagged Best1 channels. 
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Figure 2. Localization of Best1 and ADVIRC-, RP-, as well as AVMD-associated 

mutants in MDCK cells as determined by confocal microscopy. 
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Figure 3. Localization of ARB-associated mutants in MDCK cells as determined by 

confocal microscopy. 
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Figure 4. Co-localization X-Y scans between mislocalized AVMD- and ARB-

associated mutants and WT Best1 as determined by confocal microscopy. 
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Figure 5. Co-localization X-Z scans between mislocalized AVMD- and ARB-

associated mutants and WT Best1 as determined by confocal microscopy. 
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Figure 6. Reciprocal co-immunoprecipitation of Best1-c-myc and WT or mutant 

Best1-YFP in MDCK cells. 
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Figure 7. Live-cell, confocal FRET acceptor photobleaching of Best1-CFP and WT 

or mutant Best1-YFP in MDCK cells. 
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Figure S1. Live-cell, confocal FRET acceptor photobleaching of CFP-YFP in 

MDCK cells. 
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Figure S2. Location of properly localized and mislocalized mutants in the topology 

model proposed by Milenkovic et al. 
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Figure S3.  Location of properly localized and mislocalized mutants in the topology 

model proposed by Tsunenari et al. 
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