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Figure 25. An increase in membrane-associated CTNNB1 in Tvrm222 mouse retinas. 

Crude membrane fractionation of mouse eyecups and subsequent western blot analysis of 

each fraction using an antibody against CTNNB1 (A). ATP1A1 was used as the loading 

control for membrane fractions. Note there is a statistically significant increase in 

membrane-association (P100) of CTNNB1 in Tvrm222 mouse retinas relative to those in 

both WT and Nr2e3rd7/rd7 mice. (B). The levels of membrane-associated CTNNB1 was 

normalized to corresponding ATP1A1 levels and was quantified by ImageJ. Results from 

four independent experiments were used in the quantification. Statistical analysis was 

performed by one-way ANOVA with Tukey’s test for multiple comparisons. The results 

are mean ± S.D., *: P<0.05, **: P<0.01.
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Figure 26. An increase in membrane-associated TJP1 in Tvrm222 mouse retinas. 

Crude membrane fractionation of mouse eyecups and subsequent western blot analysis of 

each fraction using the antibody against TJP1 (A). ATP1A1 was used as the loading control 

for membrane fractions. Note there is a statistically significant increase in membrane-

association (P100) of TJP1 in Tvrm222 mouse retinas relative to those in both WT and 

Nr2e3rd7/rd7 mice. (B). The levels of membrane-associated TJP1 was normalized to 

corresponding ATP1A1 levels and was quantified by ImageJ. Results from four 

independent experiments were used in the quantification. Statistical analysis was 

performed by one-way ANOVA with post-hoc Tukey’s test for multiple comparisons. The 

results are mean ± S.D., *: P<0.05, **: P<0.01. 
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CHAPTER 4 

 DISCUSSION 

4.1 Characterization of Tvrm222 modification of photoreceptor dysplasia  

4.1.1 Recapitulation of morphological defects of ESCS patients in mice  

Mutations in NR2E3 were first reported in patients with ESCS. In clinics, apart from 

congenital stationary night blindness, impaired visual acuity, and hyperactive S-cone ERGs, 

distortion of retinal laminar architecture has also been reported (174, 175). The structural retinal 

abnormality in human ESCS patients displays unique features such as coarse lamination with 

thickened and bulging appearance. The en face view of NR2E3-mutant patients’ retinas exhibit 

an annular increase in retinal thickness at the eccentricity of the optic nerve, that normally 

declines as the distance from the fovea increases (176). The retinal laminar defects in human 

patients correspond to disease severity. At early stages, some of the retinal layers are slightly 

thicker than normal. As the disease progresses, the normal laminar pattern of the retina is lost 

and visual function and acuity are impaired (176). Based on clinical observations, it is likely that 

the distinctive regional reflectivity by fundus examination is due to retinal undulation, which 

gives rise to the pan retinal spotting phenotype. In mice, where invasive assessment of the retina 

can be done, the undulation of the photoreceptor layer is found to correspond to the spotting 

phenotype. Our observations and clinical reports, taken together, suggest that the defective 

retinal lamination is a prominent characteristic of NR2E3-induced dysplastic changes found in 

both humans and rodents alike, and also hint an approach for remedying the observed 

laminopathy, namely suppression of photoreceptor dysplasia.  
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4.1.2 Functional assessment of Tvrm222 modification in mice 

In addition to the morphologic alterations, the modifying effect of the Tvrm222 allele on 

photoreceptor functionality, which is impaired since early childhood in human patients with 

disruptions in NR2E3, was assessed. Surprisingly, a significant functional rescue, as assessed by 

ERG, did not accompany the anatomic modification of dysplastic lesions in Tvrm222 retinas. We 

postulate that the Tvrm222 modification does not directly resolve the disruption in cone 

photoreceptors that occurs as a result of the Nr2e3rd7 mutation. The increase in blue cones and 

gradual loss of photoreceptors with age was considered the major contributor to impaired retinal 

function in Nr2e3rd7/rd7 mutants (100). In this study, we showed that Frmd4bTvrm222 correction of 

retinal lamination was mainly associated with stabilization of cell adhesions at the ELM and 

thereby, correction of the structural abnormalities. However, Tvrm222 modifier lacked the ability 

to revert abnormal cone cell development and to prevent the loss of photoreceptors with age.  

It is also worth noting that, unlike human patients with an NR2E3 mutation, the ERG 

profiles of Nr2e3rd7/rd7 mice show little enhancement of the S cone response while rod responses 

are still comparable to wild-type controls at a young age (177, 178). Additionally, unlike their 

human counterparts, visual acuity is in Nr2e3rd7/rd7 mice is comparable to B6 controls at 1.5 

months of age, according to our preliminary observations. These phenotypic differences in 

disease manifestation may be due to genetic background influences or alternatively, to allelic 

variation (e.g. not a null mutation).  

Furthermore, it is reasonable to speculate that species differences in photoreceptor 

development, composition and localization account for the functional differences between 

humans and mice bearing disruptions in NR2E3. Usually, the formation of cone photoreceptors 

takes place earlier than the genesis of rods, which becomes more evident in the mammals with 
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longer gestation (31). More importantly, rodents are nocturnal and rely less on cone 

photoreceptors, while most human activities are performed in light and require the cone 

photoreceptors that are found in highest density in the macula. The variation of photoreceptor 

growth and development, as well as of function in the context of Nr2e3/NR2E3 mutations across 

species deserves further investigations to allow for better translation and interpretation of data. 

4.2 Identification of the Tvrm222 mutation as the suppressor for photoreceptor dysplasia 

4.2.1 Mapping and sequencing the Tvrm222 genetic modifier(s)  

In this study, whole genome mapping was applied in order to reveal the QTLs that 

accounted for the Tvrm222 modification. QTL mapping has undergone significant improvements 

since its advent as a large number of polymorphic markers are available and efficient genotyping 

technologies and statistical methods have been developed (179, 180). Nevertheless, dissecting 

the molecular basis of quantitative traits still faces challenges, including the reproducibility and 

robustness of phenotypes involved, other environmental or genetic factors that might confound 

genotype-phenotype associations, and availability of cohorts that have sufficient power to detect 

and localize QTLs (181).  

Selection of an appropriate statistical model that links trait values to QTL genotype for 

mapping is extremely important. The nature of the phenotypic trait as well as the involvement of 

non-inherited elements largely determine selection of models for QTL mapping (182).  In our 

study, the reduced photoreceptor spotting phenotype in Tvrm222 mice was examined as a binary 

trait. However, the suppressive effect of Tvrm222 is variable, ranging from complete absence of 

spots to a moderate level of suppression. Therefore, an ordinal trait analysis was also employed, 

which scored the suppressive effect in ordered categories according to the magnitude of the pan 

retinal spotting phenotype. The threshold model, in theory, assumes that liability is continuous. 
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When it reaches the LOD significance threshold , the categorical phenotype is observed (183). 

Thus, compared to the binary trait that is related to discrete liability, ordinal traits can be related 

to a continuous liability and the data can be analyzed by methods for continuous traits as long as 

the number of categories for an ordinal trait is large enough, hence reducing the loss of 

information during translation from an underlying liability to observable phenotypes (184). It 

should be noted, however, that although ordinal traits may capture a QTL with a greater 

sensitivity, an ordinal trait value for an individual is more vulnerable to measurement error than 

binary traits (179). Plus, QTL mapping analysis for both binary and ordinal traits are usually less 

powerful than mapping methods for continuous traits. This study, for instance, analyzed the 

Tvrm222 phenotypes as both binary and ordinal traits. The binary trait delineated Tvrm222 

modification more distinctly and precisely by using the animals with only complete suppression 

in comparison to those mice with rd7-like dysplasia. Binary calls, however, were likely to miss 

those with partial modification whereas with characterization using ordinal calls, different 

degrees of Tvrm222 modification could be considered. However, such characterization is more 

subject to phenotyping errors as the boundary to distinguish the Tvrm222 modification of 

different extents could be ambiguous. In this study, however, both types of analyses reached the 

same conclusion. Since the suppressive phenotype in Tvrm222 mice is primarily caused by 

induced allelic variant(s) instead of multifactorial inheritance, the categorical model, as a discrete 

trait for QTL mapping was used in the final analysis. 

In order to localize a QTL, occurrence of recombination in the vicinity of the QTL is 

necessary. Precise QTL mapping is determined in part by the number of animals used in the 

mapping cohort, a better mapping resolution is expected with larger number of animals (185). In 

addition, appropriate marker density is necessary to define the areas of recombination. It is 
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evident that enormous number of mapping individuals would be needed to detect and to localize 

QTLs to small chromosomal regions (186). This explains why QTL mapping is usually 

iteratively performed, that is, one first determines an approximate location of 10-20 cM interval 

by testing a limited number of individual animals, and continuously reducing the potential QTL-

associated regions by focusing on individuals with occurrence of recombination between 

markers that flank the QTLs, and by repeating the mapping procedure in even smaller genomic 

regions (187). This approach was employed in this study, where an independent cohort of 

animals was examined by linkage analysis using MIT markers in those regions harboring 

suggestive and potential QTLs (The candidate modifier was mapped to Chromosome 6, 37.75 

cM in mus musculus according to the QTL report). We were able to confirm the Chromosome 6 

linkage and exclude some of the suggestive loci on other chromosomes.  

Admittedly, mapping and sequencing are the statistics-based methods for identifying 

randomly induced allelic mutations in animals. Direct generation of targeted mutations in 

candidate gene(s) serves as one of the most compelling approaches to demonstrate the causality 

between allelic variants and phenotypic alterations. For instance, application of transcription 

activation-like effector nucleases-mediated gene targeting approach provides a highly efficient 

way to induce mutations at specific genomic loci in vivo (188). Additionally, the advent of 

genome-editing tool CRISPR-Cas9 with oligonucleotide directed repair remarkably facilitates 

targeted manipulation of given genes in the animals (189). These genetic modification tools 

serve to validate the identified modifier variant(s). While considering the costs associated with 

these methods and the strong biochemical validation observed, these studies were not included. 
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4.2.2 Genetic suppressor for rd7 photoreceptor dysplasia 

This study focused on a mouse model carrying a modifier allele that was consistent with 

Mendelian laws of inheritance. The mode of Mendelian inheritance falls into the following major 

categories: autosomal dominant/recessive inheritance, sex-linked inheritance and mitochondrial 

inheritance (190). In this study, continuous selection of affected male mice as the founder strain 

for crossing purposes excludes the possibility of mitochondrial inheritance. Crosses of the 

Tvrm222 mice to non-mutagenized Nr2e3rd7/rd7 mice indicate that Tvrm222 segregated with a 

semi-dominant inheritance pattern. 

For genetic diseases inherited in a Mendelian fashion, disease expressivity can be 

affected by multiple factors, including environmental factors, allelic heterogeneity or modifier 

loci, etc. (191). Although the dysplastic photoreceptor phenotype found in Nr2e3rd7/rd7 mice is 

stable among affected individuals, the variability of the suppressive phenotype within individuals 

of the mapping cross suggests that genetic background modification may contribute to the 

phenotypic alterations of the Tvrm222 phenotype.   

It should be noted that the phenotypic outcomes in patients with NR2E3 mutations as well 

as potential modifying effects are determined collectively by a multitude of factors, including the 

nature of NR2E3 mutations, co-existence of multiple allelic modifiers, interactions between the 

modifiers and NR2E3, etc. For example, clinical presentations of patients bearing NR2E3 

disruptions are not homogeneous. The ESCS phenotypes in human patients are more variable in 

both funduscopic appearance and electrophysiology than those observed in Nr2e3rd7/rd7 mice 

(192, 193). Unlike the null mutation of Nr2e3 in mice, different types of NR2E3 mutation have 

been identified in ESCS patients. They are located in different regions of NR2E3 gene and result 

in different transcriptional products, which may in turn contribute to the significant phenotypic 
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variations (64, 192-195). Modifier alleles may also influence variability of phenotypic outcomes 

among individuals as the identification of Frmd4bTvrm222 allele in Nr2e3rd7/rd7 mice demonstrates. 

Interestingly, it is well documented that the FRMD4B938P variant is equivalent to the supposedly 

wild type allele in both human and rat. A search for equivalent human FRMD4B variants 

(P991S) sharing similar features with the murine S938P variation in the Exome Aggregation 

Consortium (ExAC) database, identified only the following variations: P989T, N988S, Y987C, 

N985S. They are in the immediate vicinity of P991 and could conceivably alter FRMD4B 

functions in a similar fashion as S938P does in mouse. However, they exist with extremely low 

allele frequencies in the human population and are therefore, unlikely to act as general modifiers 

of ESCS. In addition to the direct homolog of the S938P variation, variants located in different 

domains of FRMD4B could differentially modify the phenotypes in human patients. Therefore, 

direct sequencing for FRMD4B variants in patients of ECSC or relevant retinopathies could be 

most informative in demonstrating whether FRMD4B and its variants can account for phenotypic 

variability in human individuals with NR2E3 or NRL mutations. 

Aligning the mouse and human FRMD4B sequences suggests at first glance that the 

human P991 residue is the equivalent of the mouse modifier. However, the region surrounding 

the mutation site (20 amino acids) is ~65% identical and is serine and proline rich. Therefore, the 

P991 allele in humans may not be functionally equivalent to mouse P938. In addition, it is often 

observed that deleterious alleles can be functionally rescued by a second cis mutation elsewhere 

in the protein (196). Therefore, it is possible that the human protein carrying P991 is functionally 

equivalent to the mouse protein carrying S938. Comparative localization experiments between 

the human and mouse proteins under insulin stimulation, as carried out in this study, may clarify 

this issue.  
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We also surveyed sequences surrounding the mutation site (40 amino acids) in different 

species and found that 44 sequences that are most closely related to the mouse sequence are from 

mammals, sharing ~ 60 – 70% sequence identity with laboratory mice. Most of these carry a 

proline at the site that is mutated in Tvrm222 (P938). Among rodents, we noticed that rats, 

hamsters, moles, voles and peromyscus share the proline with other mammals whereas several 

mus species and a mole rat species (Fukomys) have serine in this position. In addition, beaver 

has threonine and a desert rodent (Jaculus) has an alanine. Further exceptions to the proline are 

boars (serine), porpoises (serine), deer (leucine), and bats (leucine). The distribution does not 

appear to be solely based on phylogeny but may also reflect de novo mutations within classes 

and orders. 

The presence of S938 in most mouse strains suggests that it represents the wild type 

allele for mouse. Therefore, it is also possible that differing evolutionary pressures on the mouse 

genome lead to the fixation of the S938 allele. For instance, it was shown that mice maintain a 

basal metabolic rate normalized to body weight that is seven times greater than that of human 

beings (197). This might necessitate the presence of the S938 allele in mice to maintain higher 

activity of the insulin pathway (i.e. higher AKT phosphorylation) compared to the humans, in 

which the P991 allele is present. In specific respect to retina, insulin signaling is implicated in 

the birth of photoreceptors (198, 199). The genesis of photoreceptors, especially rod cells takes 

place much later in mice than that in human beings (31), which possibly demands higher 

sensitivity to insulin facilitated by the S938 allele. Therefore, it could be informative to 

characterize the biological effects of the FRMD4B isoforms in other organs in addition to retina.  

In order to do this, a satisfactory antibody against FRMD4B or its in vivo labeling 

becomes indispensable. However, an antibody functioning in immunohistochemical studies was 
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not available, which confined the detection of Frmd4b only at the transcript level for the time 

being. In the future, development of a reliable antibody is necessary to better examine FRMD4B. 

According to our observations, the Frmd4b gene is ubiquitously expressed in multiple tissues 

and organs and produces three distinctive isoforms that are differentially expressed across 

tissues. Based on current knowledge about the distribution of Frmd4b, it potentially functions as 

a critical molecule implicated in fundamental biological processes, much of which remains 

elusive. Previous studies suggest that recessive mutations usually lead to phenotypic outcomes 

that are caused by a loss of function of a protein, while dominant mutations, albeit not always, 

lead to a gain of function (200). These observations gave us clues about the mechanism through 

which Tvrm222 acts to enhance or confer new activities of gene products. Hence, further in-

depth elucidations of the working machinery of FRMD4B and its 938P variant that mediates 

suppression of the dysplastic lesions in mice may provide insights into potential approaches to 

ameliorate retinal dysplasia. 

4.3 The impact of S938P variation on biological properties of FRMD4B  

4.3.1 Physical interactions of FRMD4B with its binding partners 

Membrane recruitment of FRMD4B is largely dependent on the physical interaction 

between FRMD4B and CYTH3. In this study, we noted that the substitution of the serine residue 

938 with proline in FRMD4B results in an alteration of cell-surface targeting of CYTH3-

FRMD4B, which potentially underlies the modification of dysplastic lesions in mouse retinas. 

FRMD4B has been shown to act as an adaptor for the binding of CYTH3 with the PAR3-PAR6-

aPKC complex. Among a series of amino acid sequence segments examined previously, the 

region of FRMD4B that was indispensable and sufficient for its localization with primordial cell 

junction components were amino acids 542-972 (116). Strikingly, the missense mutation in 
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Tvrm222 mice is located within this amino-acid region (542-972) of FRMD4B that directly binds 

PAR3. Therefore, it is reasonable to hypothesize that S938P variation alters the binding capacity 

of FRMD4B to PAR3. Future studies should particularly focus upon the binding affinity between 

FRMD4B and PAR3, as well as the biological consequences of the interaction at the molecular 

level. 

4.3.2 In-vitro systems for elucidating biological properties of FRMD4B  

In order to reveal the biological properties of FRMD4B as well as its 938P variant, in-

vitro observations are indispensable. Different cell lines were chosen for different aspects of this 

study. COS (CV-1 in origin with SV40 genes) 7 cells are derived from kidney of the African 

green monkey that resemble fibroblast cells. Typically, COS-7 cells display adherent growth. 

COS-7 cells were utilized to better visualize the intracellular localization of the FRMD4B 

molecule. Generally, COS-7 cells are readily transfectable with plasmid DNA (201). More 

importantly, COS-7 cells enabled us to distinctly view intracellular localization of FMRD4B in 

respect to distinct features of cell morphology. 293T cells on the other hand, an important variant 

of HEK 293 cells, which stands for Human Embryonic Kidney 293 cells, are derived from 

human embryonic kidney cells and contain the SV40 large T-antigen that allows for episomal 

replication of transfected plasmid containing the SV40 origin of replication (202). The 

expression of the T-antigen facilitates amplification of transfected plasmids and extends 

temporal expression of transfected products (202). This cell line is extensively used in transgenic 

studies due to high transfection efficiency, which confers high protein yield of desired gene 

products. Additionally, in order to investigate the adhesive properties of cells transfected with 

CYTH3-FRMD4B in vitro, we attempted to use MDCK (Madin-Darby canine kidney) cells, a 

cell line derived from the kidney tissue of an adult female cocker spaniel, which exhibits 
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epithelial morphology and behaviors. MDCK cells are widely used as a model for studying 

apico-basolateral polarity and cell junctions that comprise essential characteristics of epithelia 

(203). Ideally, MDCK cells would have enabled us to test the effect of CYTH3-FRMD4B938P on 

cell junction dynamics in vitro. However, the transfection efficiency of MDCK cells by lipid-

based transfection, electroporation, etc. was extremely low and poor epithelial morphology was 

observed after transfection. Also, whether cell junctions of MDCK cells are similar to adhesive 

properties between cells of the retina is unknown as cell junctions of different cell types might 

differ and not be regulated by the CYTH3-FRMD4B complex in the same fashion in the 

epithelial context.  

Reduced efficiency of membrane recruitment of the FRMD4B938P variant revealed by 

both immunocytochemistry and subcellular fractionation assays is a key discovery of this study. 

While the immunocytochemistry indicates clearly that FRMD4B938P does not translocate to the 

membrane from the cytoplasm efficiently, such definitive results for the subcellular fractionation 

assay was somewhat ambiguous. Technique wise, the fractionated proteins assayed by SDS-

PAGE in determining translocation of given molecules from one fraction to another within a 

given individual was not clear cut. Potential reasons for this include: 1) protein content 

associated with different fractions of the same individual is less comparable as a proper control 

for the comparison is lacking in this study; 2) cell-surface targeting efficiency of FRMD4B is not 

known, which might be helpful in determining the amount of protein relocated to cell surface 

from the cytosol. Therefore, the protein load for blotting is empirical and not precise enough for 

quantification purpose between cytosolic content and membrane content. In addition, it must be 

noted that all the in-vitro data were generated based on the transient transfection of cells. 

Conclusions of the study were based on the assumption that the transfection rate remained the 
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same, and cells were evenly transfected across groups. In order to quantify the results more 

accurately, generating stable cell lines is definitely a desirable approach. However, both pCMV-

3Tag-1A-Cyth3 and pCMV-3Tag-2B-Frmd4b bear kanamycin and ampicillin resistant coding 

sequences. Colony picking by antibiotic selection fails to differentiate the two inserts and will 

not be viable for generating stable cell lines. Alternative approaches should be considered, 

including fluorescence-activated cell sorting, etc.  

Finally, it is worth noting that the FRMD4B isoform 3 (NP_660130.2), which 

encompasses the shared carboxyl terminal amino acid sequences of the longer isoforms 

expressed in brain and lung, was used in our in-vitro studies. We specifically selected FRMD4B 

isoform 3 as it shares the most domains including a FERM domain, two coiled-coil domains and 

a serine/threonine rich domain with the other isoforms. The difference among the isoforms takes 

place at the amino terminus but it is predicted that the amino terminus, for example, in the lung 

variant is presumably not translated (114). Admittedly, additional future studies to understand 

the functional consequences of the different isoforms of FRMD4B (Table 2.6) would be 

beneficial as the isoforms are likely to function differentially across multiple tissues and organs.  

4.4 Signaling pathways that mediate functions of the CYTH3-FRMD4B complex  

Our study also established, for the first time to our knowledge, a linkage between altered 

CYTH3-FRMD4B membrane recruitment and modification of cell junction phenotypes, as well 

as an effect on both ARF6 and AKT in the presence of the Frmd4bTvrm222 allele. Previous 

investigations as well as our own results, indicate that regulation of cell junctions by CYTH3-

FRMD4B is complex as multiple pathways appear to be implicated.  

 We determined through both in vitro and in vivo studies that the GTP/GDP cycling of 

ARF6 was significantly skewed to the GTP binding form in response to reduced membrane 
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recruitment of CYTH3-FRMD4B complex. According to previous reports, activation of ARF6 

regulates both AJ assembly and disassembly, depending upon its binding to signaling complexes 

(115). The differences in results may be due to the cell types involved. Interestingly, the majority 

of previous investigations were focused on homotypic cell junctions in epithelium, but not 

between neuronal cells. Our study examines the ELM, which consists of heterotypic cell 

junctions between photoreceptors and Müller glia. Our results imply that increased cell junction-

associated proteins at the ELM are linked to elevated ARF6 activation. This suggests that the 

regulation of heterotypic cell junctions such as that observed for the ELM may be different than 

other homotypic cell junctions in other tissues. Examination of both neuronal and heterotypic 

cell junctions deserves further investigation. 

It is generally accepted that CYTH3 catalyzes GTP binding to ARF6 at the cell surface 

(204, 205). FRMD4B-mediated membrane recruitment of CYTH3 serves as a critical mechanism 

for activation of ARF6 (116). Meanwhile, it becomes complicated that activation of ARF6 can 

reciprocally serve as a prerequisite for membrane recruitment of CYTH3 – constitutively 

activated ARF6 is capable of recruiting CYTH3 to the cell surface according to some previous 

investigations (206). Whether other cell-surface targeting mechanisms can impact ARF6 

GTP/GDP exchange is unknown. However, a critical determinant to ARF6 activation may be the 

cell-type involved. For instance, co-localization of FRMD4B-CYTH3-PAR3 varies among 

different cell types (116), which could presumably affect activation of ARF6. Additionally, auto-

regulatory mechanisms of GEFs could also play a role in the regulation of ARF6 (207). However, 

a limitation of the in-vitro system with transient transfections is that it does not allow for 

assessment of potential feedback and/or compensatory mechanisms. Unlike the previous studies, 

which directly introduced constitutively (in)active ARF6 (208, 209), the ARF6 activation in this 
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study is more likely to be a secondary response towards the alteration in FRMD4B membrane 

recruitment, which implies an alternative regulatory system between ARF6 and the GEF. 

          Another key finding revealed by this study is the downregulation of AKT phosphorylation 

in the presence Frmd4bTvrm222 variant in mouse retinas. This study was primarily focused on 

dysplastic lesions in retina. Its histologic and cellular characteristics, such as delamination, loss 

of cell junctions and polarity, etc. are reminiscent of other pathological processes, including 

EMT, neoplastic transformation, etc. In fact, it is well established that AKT pathway regulates a 

variety of pathophysiological processes, including developmental defects, metabolic disorders, 

tumorigenesis, etc. This prompted us to examine the impact of the FRMD4B on the AKT 

pathway. Conceivably, regulation of PI3K-AKT by FRMD4B may be significant for its 

translational applications in clinics due to broad and profound implications of PI3K-AKT 

pathway in a variety of pathological processes.  

The regulatory relationship among CYTH3-FRMD4B, ARF6 and AKT is intricate and 

has yet to be fully elucidated. According to the previous studies, ARF6 activates 

phosphatidylinositol 4-phosphate 5 kinase (PIP5K) to generate PIP2, which can be further 

converted to PIP3 for phosphorylation of AKT (210). In addition, ARF6 might also be spatially 

adjacent to AKT at the cell surface due to the interaction of ARF6 with the PAR complex, which 

is closely linked to phosphoinositides signaling events (211). Hence, it is possible that ARF6 and 

AKT may be closely linked and FRMD4B, as a scaffold protein, serves as a novel platform, 

upon which ARF6 and AKT can interact to coordinate their biological functions (Figure 27). 

Further studies are necessary to determine whether the effects of the CYTH3-FRMD4B complex 

on ARF6 and AKT are achieved in a hierarchical manner or as independent parallel effects.  
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Figure 27. Working model of interactions of CYTH3-FRMD4B complex with AKT and 

ARF6 pathways for modifying retinal dysplasia based on the information from the cited 

literatures and our finding in this study. Upper panel: Potential association CYTH3-FRMD4BWT

with ARF6 and/or AKT pathways at the cell surface for generating a variety of biological 

consequences. Lower panel: A reduced cell-surface targeting of CYTH3-FRMD4B938P and its 

influence on rescuing photoreceptor dysplasia. AKT: protein kinase B, ARF6: ADP-ribosylation

factor 6, CYTH3: cytohesin 3, PAR: Par3-Par6-aPKC, IRS: insulin receptor substrate, RTK: 

receptor tyrosine kinase, P: phosphate group, PI3K: phosphatidylinositol-4,5-bisphosphate 3-

kinase, PIP2: phosphatidylinositol 4,5-bisphosphate, PIP3: phosphatidylinositol (3,4,5)-

trisphosphate, 
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CHAPTER 5 

CONCLUDING REMARKS AND FUTURE DIRECTIONS 

The importance of proper development of retinal precursor cells and the establishment of 

cell-cell contact between photoreceptors and their neighboring Müller glial cells to maintain 

retinal integrity and structural stability of the retina was substantiated in this study. Disruption of 

junctional components may drive pathological changes or respond to disease phenotypes and 

further deteriorate the pathological consequences. Currently, the ELM provides a classic 

example where anomalies in cell junctions in the retina can be associated with or cause retinal 

disorders. According to our observations, fragmented ELM is closely related to photoreceptor 

dysplasia in rd7 mice. More importantly, we identified a novel genetic modifier, Frmd4bTvrm222, 

that effects cell junctions at the level of the ELM and suppresses photoreceptor dysplasia caused 

by deficiencies of either Nr2e3 or Nrl. FRMD4B is a scaffold protein that is known to physically 

interact with the PAR complex, CYTH3 and ARF6 to modulate cell junction remodeling, 

cytoskeletal dynamics and epithelial polarization (116). At the molecular level, we noted that 

compared to the wild type, FRMD4B938P is less efficiently recruited to the cell surface. 

Additionally, both activation of ARF6 and reduced phosphorylation of AKT was observed, 

which are potentially associated with increased expression of cell junction molecules at the cell 

surface in Tvrm222 retinas. Cell-cell contact appears to be stabilized and fragmentation of ELM 

is prevented. This is associated with a reduction in dysplastic lesions in both rd7 and Nrl–/– mouse 

retinas.  

Despite the fact that FRMD4B was first isolated more than a decade ago, little knowledge 

has been obtained since then with respect to its biological properties and the consequences of its 

involvement in potential pathophysiological conditions. Some of the pilot genome-wide analyses 
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disclosed likely involvement of multiple FRMD4B variants in diseased conditions, including 

neuronal degeneration, lachrymal/salivary gland lesions, chronic obstructive pulmonary disease, 

late onset Alzheimer’s disease, cardiomyopathy and celiac disease (212-215). Comprehensive 

studies to validate its role in given diseases and the mechanisms underlying the observed 

pathologies are yet to be done.  

This study demonstrates a key role of FRMD4B and its missense variant in maintaining 

cell junctions in the context of dysplastic lesion and indicates a potential influence of FRMD4B 

on ARF6 and AKT signaling pathways. In the future, it is important that we address in what 

manner FRMD4B modulates the biological functions of ARF6 and AKT. These effects could be 

tested by in-vitro co-transfection of constitutively activated ARF6 and AKT, and by 

manipulation of FRMD4B expression to characterize intracellular localization of ARF6 and 

AKT as well as their potential reliance on FRMD4B for coordination and propagation of 

intracellular signals. Analyses of Tvrm222-Akt−/−  and Tvrm222-Arf6−/− double mutants will reveal 

contributions of these pathways to rescuing dysplastic phenotypes in vivo. This will provide us 

with more detailed knowledge about the regulatory mechanisms that control cell junction 

dynamics in the retina and allow us to discover interacting targets that collectively influence 

tissue homeostasis and function of the retina.  

Finally, from the perspective of therapeutics, exploration of FRMD4B could be useful to 

provide a target in the application of in situ engraftment of photoreceptor transplants to treat 

retinal degenerative disorders since ELM integrity is closely related to therapeutic outcomes of 

transplantation in retina (216). In a broader sense, regulating FRMD4B may also be extrapolated 

in other pathophysiological processes due to its potential involvement in both ARF6 and AKT 

pathways, which are central to tissue repair, regeneration, neoplasm, etc. By probing into the 
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working machinery of FRMD4B, we anticipate an extensive implication of this molecule in a 

wide spectrum of biological processes, as well as its therapeutic prospect in clinics.  
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