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ABSTRACT 

 
KRISTIN ATES 

Genetic Modeling and Pathophysiological Analysis of FAM109A, a Putative 

Human Disease Gene 

Under the direction of DR. Y. ALBERT PAN 

 
 

A critical barrier in the treatment of endocytic diseases is the lack of information 

and understanding of the in vivo mechanisms of endocytosis. Part of this is due to the 

diverse array of endocytic adaptor proteins that have not yet been studied. We address 

this by investigating a key endocytic adaptor protein, FAM109A, which interacts with 

OCRL1, a causative gene for Lowe syndrome. Previous in vitro studies have identified 

FAM109A as a regulator for endosomal trafficking, particularly in the recycling of 

receptors in endosomes and sorting of cargo to lysosomes, based on knock-down studies. 

Here we conduct the first study into the developmental and physiological functions of 

FAM109A in vivo, utilizing the zebrafish model. We find that depletion of both zebrafish 

orthologs, zFAM109A and zFAM109B, in our maternal-zygotic homozygous mutant 

models (AB mutant) disrupts fluid-phase endocytosis and ciliogenesis in the pronephros. 

Partial knockdown of OCRL1 in the AB mutants exacerbates the endocytosis deficit, 

confirming that OCRL1 and FAM109 proteins are linked in a common endocytic 

pathway.   

In addition, we discover that zFAM109A/B mutant animals exhibit reduced jaw 

size and delay in chondrocyte maturation, indicating a novel role for zFAM109A and 



 

 

zFAM109B in craniofacial development. This is consistent with the phenotype in a 

patient within the NIH’s Undiagnosed Diseases Program (UDP). The UDP patient carries 

a de novo arginine (R) to cysteine (C) mutation (R6C) in FAM109A and presents with 

craniofacial abnormalities, developmental delay, auditory and vision impairments, and 

renal dysfunction. Expressing zFAM109A with the R6C mutation in zebrafish 

exacerbated craniofacial deficits, suggesting that the R6C allele acts in a dominant-

negative manner.  

Together, these results show that FAM109A is involved in fluid-phase 

endocytosis and ciliogenesis in vivo. Moreover, we provide further insight into the 

potential pathogenesis of a UDP patient’s disease in association with a de novo mutation 

in FAM109A.  
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I. INTRODUCTION 

 

A. Statement of the Problem  

Endocytosis plays a key role in a variety of biological processes, including nutrient 

uptake, cell signaling, and cell shape changes (Doherty & McMahon, 2009), but there is 

no clear explanation as to how defects in endocytosis can give rise to such a diverse 

group of pathologies. For example, mutations in endocytic factors dynamin 2 (DNM2) 

and Rab7 result in Charcot-Marie-Tooth disease, a clinically and genetically 

heterogeneous group of peripheral neuropathies (Verhoeven et al., 2003; Züchner et al., 

2005). Likewise, disruptions in endocytosis have been identified in autosomal recessive 

hypercholesterolemia (Garuti et al., 2005) and autosomal dominant polycystic kidney 

disease, ADPKD (Obermüller et al., 2001). The unanswered questions regarding the in 

vivo mechanisms of endocytosis present as a critical barrier in the understanding and 

treatment of endocytic diseases. This may be due, in part, to the fact that most endocytic 

mechanisms have only been examined in cell lines, and also the fact that there remains a 

diverse array of endocytic adaptor proteins that have not yet been studied. Our goal is to 

address this barrier with a novel in vivo study investigating an important regulator of 

endocytosis, FAM109A.  

FAM109A (also known as Ses1 or IPIP27A or PHETA1) has been identified as a key 

regulator in endosomal trafficking, particularly in the recycling of receptors in endosomes 
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and sorting of cargo to lysosomes, based on in vitro knock-down studies (Noakes et al., 

2011; Swan et al., 2010). Interestingly, FAM109A has a conserved C-terminal 

phenylalanine-histidine motif (F&H motif) that serves as a binding site for OCRL1, a 

gene that is mutated in Lowe syndrome (Pirruccello et al., 2011). OCRL1 is an inositol 5-

phosphatase, with phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) as the preferred 

substrate (Attree et al., 1992; Noakes et al., 2011). Binding to PI(4,5)P2 occurs at the 

pleckstrin homology (PH) domain in OCRL1, which also contains a loop outside the 

domain fold with a clathrin-binding motif. This directs OCRL1 specifically to clathrin-

coated endocytic pits on the plasma membrane (Choudhury et al., 2009; Mao et al., 

2009). PI(4,5)P2 is abundant at the plasma membrane and is involved in a wide variety of 

processes including actin dynamics and endocytosis (Sasaki et al., 2009). Disrupting 

OCRL1’s phosphatase activity interferes with PI(4,5)P2 homeostasis, which is thought to 

contribute to the disease manifestations of Lowe syndrome. The exact mechanisms, 

however, are still being studied.  

Several studies have shown how critical FAM109A is in maintaining optimal OCRL1 

function. For example, it has been shown that OCRL1 5-phosphatase activity relies on 

FAM109A engagement of OCRL1 with PACSIN2 (Protein kinase C and casein kinase 

substrate in neurons 2), a protein that interacts with the actin cytoskeleton. It was 

determined that a proline-rich 203PPPxPPRR210 motif in FAM109A located upstream of 

the F&H motif serves as the major PACSIN2 binding site. Mutations in this proline-rich 

region almost completely abolished FAM109A binding to PACSIN2 (Billcliff et al., 

2016). Additionally, it was observed that there were defects in the assembly of primary 
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cilia in fibroblasts isolated from patients with Lowe syndrome. It was then confirmed that 

OCRL1 plays an important role in ciliogenesis by way of endosomal trafficking in a 

Rab8/FAM109A-dependent manner (Coon et al., 2012). This suggests that FAM109A 

and OCRL1 functionally interact with one another to mediate proper endocytosis 

mechanisms. 

Recently, a de novo arginine (R) to cysteine (C) mutation in FAM109A 

(NM_001177996.1:c.55C>T; p.R6C) has been identified in a patient through the National 

Institute of Health’s Undiagnosed Diseases Program (UDP). This UDP patient presents 

with craniofacial abnormalities, developmental delay, auditory and vision impairments, 

and renal dysfunction. The R6C mutation is not observed in both parents or the fraternal 

twin. Interestingly, the UDP patient’s clinical presentation has some overlapping features 

with that of Lowe syndrome, but does not present with the dominant features of Lowe 

syndrome, which consists of a triad of symptoms affecting the eyes (congenital cataracts), 

nervous system (mental retardation, behavioral problems), and kidneys (low molecular 

weight proteinuria, renal failure) (Mehta et al., 2014). These findings suggest that 

FAM109A and OCRL1 are likely functionally linked in vivo, but they may also have 

functions independent of each other.  

Obtaining a deeper understanding of the physiological functions of FAM109A in vivo 

will provide greater insight into the mechanisms of FAM109A and OCRL1, as well as 

endocytosis in general. The central hypothesis of this project is that disruption of 

FAM109A in vivo will interfere endocytic function and perturb organ systems affected in 
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the UDP patient, and that the patient-specific variant will result in loss of protein function 

or dominant negative effects. 

 

B. Statement of the Specific Aims 

Aim 1: Generation of zFAM109Anull, zFAM109Bnull, and zFAM109AR6C zebrafish 

genetic models. 

This will be achieved by generating zebrafish FAM109A knock-out mutants 

(zFAM109Anull) by CRISPR genome engineering. To test for potentially redundant 

functions of zFAM109A and its close homolog, zFAM109B, zFAM109B knock-out 

mutants (zFAM109Bnull) will also be generated. In order to investigate how the patient-

specific mutation disrupts physiological interactions, we will also generate a FAM109A 

variant model (zFAM109AR6C) in which zFAM109AR6C is ubiquitously expressed.   

 

Aim 2: Test the hypothesis that disruption of FAM109A interferes with proper 

endocytic sorting, as well as proper craniofacial and sensory development. 

This will be achieved through the use of histological, physiological and behavioral 

analyses in our zebrafish genetic models, with focus on phenotypes relevant to that of the 

UDP patient. These analyses will include: 

a. Non-clathrin mediated endocytosis assays; 

b. Cilia morphology and function; 

c. Sensory function, specifically optokinetic response; 

d. Craniofacial development. 
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Completion of the above aims will provide us with crucial insight into the mechanisms of 

FAM109A in vivo, and how the de novo arginine (R) to cysteine (C) mutation in 

FAM109A contributes to patient disease. As a whole, this will further our understanding 

of the diverse pathologies caused by disruptions in endocytic mechanisms.   

 

 

C. Review of Related Literature 

1. The Complexity of Endocytosis  

 The cellular membrane allows for compartmentalization of cellular chemistry, 

either by accumulation of specific proteins and lipids on their surfaces (providing unique 

protein-protein or protein-lipid interactions) or by creating diffusion barriers between the 

lumen and cytoplasm. Changes in the distribution, protein/lipid composition, and luminal 

content of the membranes, by way of highly dynamic fission and fusion reactions, serve 

as the primary regulators of many extranuclear cellular processes (Doherty & McMahon, 

2009). Endocytosis generally describes the de novo production of internal membranes 

from the plasma membrane lipid bilayer, thus internalizing integral proteins and 

extracellular fluid (Doherty & McMahon, 2009). This allows for the interactions between 

the cell and its environment to be highly regulated, and also allows for intracellular 

interactions to occur between organelles. There are two main routes of endocytosis: 

clathrin-mediated endocytosis, which is the most well-studied, and non-clathrin-mediated 
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endocytosis, which includes pinocytosis, phagocytosis, ARF6-dependent endocytosis, 

flotillin-dependent endocytosis, and numerous others. 

 Although there have been intensive investigations into the mechanisms of 

endocytosis, particularly clathrin-mediated endocytosis, it still remains unclear why many 

distinct endocytic pathways are required in vivo. The multiple endocytic pathways may 

provide additional levels of regulation for the diverse cellular processes mediated by 

endocytosis. Endocytosis regulates many cellular processes, including nutrient uptake, 

cargo delivery to specific compartments, pathogen entry, receptor downregulation, cell 

signaling, and cell polarity (Doherty & McMahon, 2009). Consistent with the broad 

involvement of endocytosis in essential cellular processes, membrane trafficking 

pathways are often disrupted in human disease (Aridor & Hannan, 2000, 2002; Doherty 

& McMahon, 2009). For example, the low density lipoprotein (LDL) receptor adaptor 

protein, ARH, which links the receptor to clathrin and adaptor protein 2 (AP2), is 

mutated in autosomal recessive hypercholesterolemia (Doherty & McMahon, 2009; 

Garuti et al., 2005). Likewise, mutations in dynamin 2 (DNM2) and Rab7, both of which 

belong to the GTPase family of proteins, have been found in patients diagnosed with 

Charcot-Marie-Tooth type 2B (CMT2B) (Verhoeven et al., 2003; Züchner et al., 2005). 

Alongside mutations in endocytic factors, it is thought that several neurodegenerative 

disorders either produce or are caused by defects in endocytic processes. For example, 

endocytic and retrograde trafficking phenotypes have been identified as early features of 

Alzheimer’s disease and Down syndrome (Cataldo et al., 2008; Cataldo et al., 2000; 

Doherty & McMahon, 2009). Additionally, huntingtin and huntingin-associated protein 
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of 40 kDa (HAP40) appear to interact act as a Rab5 effector complex that drastically 

reduces early endosome motility by “switching” these organelles from microtubules to F-

actin association (Doherty & McMahon, 2009; Pal et al., 2008). 

Due to the nature of complexity of endocytosis and the diverse pool of adaptor 

proteins, many gaps remain in understanding how endocytic defects give rise to a diverse 

group of pathologies. Furthermore, there may be multiple undiagnosed diseases in which 

the mutation lies in an unknown endocytic adaptor or effector protein. Thus, it is critical 

to perform detailed investigations into novel endocytic adaptor proteins and their 

functions. For the purposes of this project, we have narrowed our focus to FAM109A, a 

novel endocytic adaptor protein, and its role in regulation of endocytosis, either 

independently, or by way of OCRL1 interactions. 

 

2. The Importance of Phosphoinositides in Cellular Physiology and Human Disease 

 Phosphoinositides (also known as inositol polyphosphates) serve as signal 

mediators of diverse cellular processes such as intracellular signaling, cytoskeleton 

remodeling, and membrane trafficking (Balla, 2005; Carlton & Cullen, 2005; Di Paolo & 

De Camilli, 2006; Itoh & Takenawa, 2002). They are derived from phosphatidylinositol 

lipids (PI), which consist of a glycerol backbone that is linked to a D-myo-inositol head 

group. The inositol head contains hydroxyl groups at the D3, D4, and D5 positions that 

can be variably phosphorylated, allowing for the rapid production and reversal of a 

diverse group of phosphoinositides (Sasaki et al., 2009). To date, there are seven known 
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species of phosphoinositides, with PI(3)P, PI(4)P, and PI(4,5)P2 being more abundant 

(Roth, 2004).  

Phosphoinositides regulate cellular processes through interaction with adaptor and 

effector proteins, which is mediated by the phosphoinositide-binding domains. The best 

described domains include the PH (pleckstrin homology) domains, FYVE (Fab1, YOTB, 

Vac1, and EEA1) domains, PX (phox homology) domains, as well as domains in the 

clathrin adaptors AP1 and AP2 (Balla, 2005; Lemmon, 2008; Mehta et al., 2014). Of 

those, the PH domain recognizes the largest variety of phosphoinositides, including 

PI(3)P, PI(4)P, PI(4,5)P2, PI(3,4)P2, and PI(3,4,5)P3., and binds with various degrees of 

specificity (Yu et al., 2004). If binding of an effector protein to a particular 

phosphoinositide is weak or non-specific, then additional interaction with the membrane 

by way of coincidence detection helps strengthen the fidelity of effector protein 

recruitment (Carlton & Cullen, 2005; Lemmon, 2004). 

Each phosphoinositide has its own unique subcellular distribution and contributes 

to compartmental identity within the cell (Behnia & Munro, 2005; Billcliff & Lowe, 

2014; Mehta et al., 2014). This differential phosphoinositide composition is spatially and 

temporally regulated through controlled activation and recruitment of different PI kinases 

and phosphatases (Figure 1) (Billcliff & Lowe, 2014). Disruption of phosphoinositide 

metabolizing enzymes interferes with proper phosphoinositide metabolism, which gives 

rise to a variety of human diseases, as highlighted in Figure 2 (McCrea & De Camilli, 

2009; Vicinanza et al., 2008; Waugh, 2015).  
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For example, PI(3)P is enriched on early endosomes and the intraluminal vesicles 

of multivesicular endosomes. It is important for mediating autophagosome formation, 

regulating endosome to trans-Golgi network (TGN) transport and recycling from the 

endosomes to the plasma membrane (Axe et al., 2008; De Craene et al., 2017; Gillooly et 

al., 2000; van Weering et al., 2010). Mutations in some members of the myotubularian 

family of PI 3-phosphatases result in myotubular myopathy and Charcot-Marie-Tooth 

peripheral neuropathy (Clague & Lorenzo, 2005; Liu & Bankaitis, 2010; Robinson & 

Dixon, 2006). PI(4)P is enriched primarily at the Golgi and serves as a key trafficking 

effector for phospholipids and sterols (De Craene et al., 2017; Godi et al., 2004). 

Mutations in the phosphoinositide 4-phosphatase, INPP5E gives rise to ciliopathies 

(Chavez et al., 2015). PI(4,5)P2 is by far the most abundant PI in humans, and is 

predominant at the plasma membrane where it acts as a regulator of endocytosis and actin 

dynamics (De Craene et al., 2017; Di Paolo & De Camilli, 2006; Sasaki et al., 2009). 

Thus, disruption of adaptor protein interactions with PI(4,5)P2 lead to severe loss of 

proper endocytic function.  

In conclusion, the importance of proper phosphoinositide metabolism is 

reinforced by the diverse range of pathologies that arise from genes encoding 

phosphoinositide metabolizing enzymes. Examples of such diseases include myopathy, 

amyotrophic lateral sclerosis, psychiatric diseases, cancer, metabolic syndrome, early 

onset Alzheimer’s disease in Down’s Syndrome, and ciliopathies such as Joubert 

syndrome (Berman et al., 2008; Carracedo & Pandolfi, 2008; Chow et al., 2009; Conduit 

et al., 2012; Cremona et al., 1999; McCrea & De Camilli, 2009; Narkis et al., 2007; 
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Ooms et al., 2009; T. Saito et al., 2001; T. Saito et al., 2003; Stopkova et al., 2003; 

Tronchère et al., 2003; Voronov et al., 2008; Waugh, 2015; Wishart & Dixon, 2002). For 

the purposes of this project, we direct our focus primarily on the role of PI(3)P and 

PI(4,5)P2 in endocytosis and their interactions with adaptor and effector proteins. The 

individual roles of both PIs are well established in determining endosomal and plasma 

membrane identity, respectively. However, the exact mechanisms regarding how PI 

conversion occurs from the cell surface to the endosomes still requires further 

investigation.  
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Figure 1. Phosphoinositide composition and localization of phosphoinositide metabolizing enzymes. 

An overview of the predominant locations of each of the seven phosphoinositide species within the cell. 

The phospholipids are colored as shown in the insert. Note that a simplified schematic of the lysosome-

autophagy fusion is shown for clarity. Some of the corresponding phosphoinositide phosphatases are also 

shown near their respective compartments and are highlighted in red. Phosphoinositide kinases are shown 

in Figure 2. Abbreviations: SYNJ: synaptojanin; PTEN: Phosphatase and Tensin homolog; SHIP1: Src 

homology 2-containing inositol polyphosphatase; INPP4/INPP5: Inositol polyphosphate phosphatase 4/5 

(respectively); MTM1: myotubularian 1; MTMR2: myotubularin-related 2; OCRL1: Ocuolocerebrorenal 

syndrome protein; TMEM55A/TMEM55B: transmembrane protein 55. (Adapted and modified from 

Billcliff and Lowe. Biochem J, 2014.) 
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Figure 2. Diseases caused by mutations in phosphoinositide metabolizing enzymes and disruption of 

proper phosphoinositide metabolism. Phosphoinositide kinases are highlighted in blue and 

phosphoinositide phosphatases highlighted in red. Diseases are highlighted in purple and indicated by black 

boxes. Note this is not an extensive figure encompassing all diseases associated with disruption in 

phosphoinositide homeostasis, but provides key examples. Abbreviations: PIP: phosphoinositides;  PI3K: 

phosphoinositide 3-kinase; PIP4K/PIP5K: phosphatidylinositol 4-kinase/5-kinase (respectively); SYNJ: 
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synaptojanin; OCRL1: Lowe oculocerebrorenal syndrome protein; PTEN: Phosphatase and Tensin 

homolog; SHIP1: Src homology 2-containing inositol polyphosphatase; INPP4/INPP5: Inositol 

polyphosphate phosphatase 4/5 (respectively); MTM1: myotubularian 1; MTMR2: myotubularin-related 2; 

LMCS3: Lethal muscle contractural syndrome type 3; MORM: (Mental retardation, truncal obesity, retinal 

dystrophy and micropenis); CMT: Charcot-Marie-Tooth.  (Adapted and modified from Waugh. Biochimica 

et biophysica acta, 2015.) 
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3. OCRL1, a Major Regulator of PI(4,5)P2 Homeostasis 

3.1 Mutations in OCRL1 and Human Disease 

 OCRL1 is an inositol polyphosphate 5-phosphatase with PI(4,5)P2 and 

PI(3,4,5)P3 as the preferred substrates for hydrolysis, both of which are predominantly 

found at the plasma membrane (Attree et al., 1992; Lowe, 2005; Schmid et al., 2004). It 

was so named after Oculocerebrorenal Syndrome of Lowe, which is caused by mutations 

in OCRL1. Lowe syndrome is a rare X-linked disorder characterized by the triad of 

bilateral congenital cataracts, mental retardation, and Fanconi syndrome of the kidney 

proximal tubules, with slowly progressive renal failure (Attree et al., 1992; Bockenhauer 

et al., 2008; Loi, 2006; X Zhang et al., 1995). Other characteristic features include 

neonatal hypotonia, progressive severe growth retardation, and developmental delay. 

(Bokenkamp et al., 2009; Loi, 2006). 

 Mutations in OCRL1 were also shown to be responsible for a subset of cases of 

Dent Disease, another X-linked disorder of renal tubular epithelial function, with 

resorption defects similar to that of Lowe syndrome. This is now referred to as Dent 

disease type II, or Dent 2 disease (Hoopes et al., 2005; Utsch et al., 2006). Interestingly, 

some patients with Dent 2 disease also exhibit mild extra-renal symptoms of Lowe 

syndrome such as peripheral cataracts, mental impairment, or stunted growth. This is 

suggestive of the two disorders representing a phenotypic continuum, in which there are 

individual differences in the ability to compensate for loss of OCRL1 function 

(Bockenhauer et al., 2012; Bokenkamp et al., 2009; Shrimpton et al., 2009). 
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 More than 200 OCRL1 variants have been described, with the majority displaying 

frameshift, nonsense, or splice defects that result in premature termination of the resultant 

OCRL1 protein (Hichri et al., 2011). When analyzing the 5-phosphatase activity in 

fibroblasts derived from Lowe syndrome and Dent 2 disease patients, there was an 80-

90% decrease compared to controls, irrespective of the variant type or clinical phenotype 

(Bokenkamp & Ludwig, 2016; Hichri et al., 2011). It has been suggested that the 

individual phenotypic variance is due to the ability of another inositol polyphosphate 5-

phosphatase, INPP5B, to compensate for loss of OCRL1 function. INPP5B is an OCRL1 

homologue with close structural similarity and shares many interacting partners with 

OCRL1 (Jefferson & Majerus, 1995; Pirruccello & De Camilli, 2012). However, this 

proposed mechanism of compensation remains in doubt since no difference has been 

found in INPP5B content (both mRNA and protein) or in alleles of INPP5B when 

comparing fibroblasts from healthy controls to that of affected patients with either Lowe 

syndrome or Dent 2 disease (Montjean et al., 2015). Further investigation is required in 

order to better understand the mechanisms that determine disease severity in Lowe 

syndrome and Dent 2 disease.  

 

3.2 OCRL1 Domain Structure  

 OCRL1 contains an N-terminal PH domain, a central 5-phosphatase domain, and 

a C-terminal ASH (ASPM, SPD2, and Hydin) and RhoGAP-like domain (Pirruccello & 

De Camilli, 2012). OCRL1 also contains two unique clathrin boxes, one in a loop 

between two -strands in the PH domain, and another in the RhoGAP-like domain, which 
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help recruit OCRL1 to endocytic clathrin-coated pits (Choudhury et al., 2009; Erdmann 

et al., 2007; Mao et al., 2009).  

The molecular activity of the 5-phosphatase domain of OCRL1 has increased 

specificity for PI(4,5)P2 and PI(3,4,5)P3. Skin fibroblasts and kidney proximal tubular 

cells derived from Lowe syndrome patients show elevated PI(4,5)P2 levels, consistent 

with a role for OCRL in regulating PI(4,5)P2 composition (Wenk et al., 2003; X. Zhang 

et al., 1998). The majority of missense mutations are mapped to the 5-phosphatase 

domain affecting either folding, substrate binding, or catalytic activity of OCRL1 

(Pirruccello & De Camilli, 2012; Tsujishita et al., 2001).  

The ASH domain enables OCRL1 binding with several members of the Rab 

GTPase family, particularly endosomal Rab5 and several Golgi-associated (e.g. Rab1, 

Rab6, and Rab8) Rab proteins (Hyvola et al., 2006). The ASH domain in OCRL1 is also 

found in many proteins localized near the cilia and centrosomes, implicating a role for 

OCRL1 in ciliary function (Ponting, 2006). 

 The RhoGAP-like domain is adjacent to the ASH domain at the C-terminal end of 

OCRL1, and it has a conserved domain that binds to the F&H motif of the endocytic 

adaptor proteins APPL1 and IPIP27A and B (FAM109A/B), which links OCRL to 

endocytic signaling and trafficking  (Erdmann et al., 2007; Mehta et al., 2014; Noakes et 

al., 2011; Pirruccello et al., 2011; Swan et al., 2010). Additionally, although the Rho-

GAP-like domain is catalytically inactive, it also has the capacity to bind to Rac1 and 

Cdc42, thus directing OCRL1 to sites of actin assembly (Erdmann et al., 2007; Faucherre 

et al., 2003; Lichter-Konecki et al., 2006; Mehta et al., 2014). Most missense mutations 
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found in the ASH-RhoGAP domain destabilize the protein, resulting in less OCRL1 

protein overall or abnormal localization when overexpressed (Hichri et al., 2011; McCrea 

et al., 2008). Protein folding is also disrupted, thus interfering with the F&H motif 

binding and disrupting OCRL1 recruitment to early endosomes (McCrea et al., 2008; 

Pirruccello et al., 2011). Taken together, OCRL1 contains structural domains that are 

critical for maintaining its proper physiological functions by way of interactions with 

other effector proteins and lipids.   

 

3.3 OCRL1 Localization and Cellular Functions 

3.3.1 Membrane Trafficking and Actin Dynamics 

 OCRL1 is localized to the plasma membrane, clathrin-coated vesicles (CCV), 

multiple endosomal compartments, and the trans-Golgi network (TGN) (Figure 1) 

(Choudhury et al., 2009; Erdmann et al., 2007; Faucherre et al., 2003; Hyvola et al., 

2006; Noakes et al., 2011; Ungewickell et al., 2004). As mentioned before, the domain 

structures of OCRL allow for interaction with multiple key components of membrane 

trafficking and endocytosis. Multiple in vitro studies have shown defective trafficking 

from the endosomes to the TGN in OCRL1-deficient cells, or in cells overexpressing a 

mutant OCRL1 construct lacking at 5-phosphatase domain (Choudhury et al., 2009; Cui 

et al., 2010; Mehta et al., 2014; van Rahden et al., 2012; Vicinanza et al., 2011). 

Vinicanza et al., 2011 reported that OCRL depletion or mutation severely disrupted the 

trafficking of megalin, a multiligand endocytic receptor, by impairing its recycling to the 

plasma membrane (PM) and inducing its retention in enlarged early endosomes. Megalin 
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is primarily expressed at clathrin-coated pits in renal proximal tubule epithelial cells and 

is critical for the reabsorption of glomerular-filtered substances such albumin and other 

low-molecular-weight proteins (Christensen et al., 2009; A. Saito et al., 2010; Verroust et 

al., 2000). Other endocytic receptors were also affected, including transferrin (TfR), 

which recycles to the plasma membrane by way of early endosomes and recycling 

endosomes, and the cation-independent mannose 6-phosphate receptor (CIMPR), which 

predominantly recycles between the TGN, early endosomes, late endosomes, and the 

plasma membrane (Ghosh et al., 2003; Maxfield & McGraw, 2004; Pfeffer, 2009). The 

disruption of endocytic trafficking was rescued in two manners: 1) adding a catalytically 

active OCRL1 construct and 2) decreasing PI(4,5)P2 levels by inhibition of a PI4P 5-

kinase, PIP5K (Vicinanza et al., 2011). This indicates that the 5-phosphatase activity of 

OCRL1 is important in controlling the trafficking of the receptors. 

 The loss of OCRL1 also resulted in an ectopic accumulation of PI(4,5)P2 and 

PI(4,5)P2-dependent increases in F-actin at the early endosomes (Vicinanza et al., 2011). 

This is consistent with previous findings of altered actin cytoskeleton and increased actin 

comets in fibroblasts from Lowe syndrome patients (Suchy & Nussbaum, 2002). The 

OCRL1 substrates, PI(4,5)P2 and PI(3,4,5)P3, strongly regulate actin assembly, so it 

would make sense that most of the processes affected by the loss of OCRL1 are actin 

dependent (Hilpela et al., 2004). More recently, it was discovered that the absence of 

OCRL1 in Lowe syndrome patient fibroblasts impaired clathrin coat dynamics such that 

the clathrin-coated vesicles failed to lose their coat (Nández et al., 2014). As a result, 

such vesicles nucleate a portion of the intracellular actin comets as previously described 
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(Allen, 2003; Cui et al., 2010; Dambournet et al., 2011; Hayes et al., 2009; Suchy & 

Nussbaum, 2002; Vicinanza et al., 2011).  

Interestingly, lysosomal proteins were significantly upregulated and lysosomes 

were abnormally enlarged after OCRL1 depletion in human proximal tubule kidney cells 

(PTC). It was then determined that the fusion of autophagosomes with lysosomes results 

in a local increase in PI(4,5)P2, which then triggers the recruitment of OCRL1 to the 

lysosomes in an AP2 and clathrin-dependent manner (De Leo et al., 2016). Thus, in the 

absence of OCRL1, the ectopic increase in PI(4,5)P2 impairs autophagic flux. Taken 

together, OCRL1 affects multiple processes through direct and indirect mechanisms by 

way of endocytic trafficking and localized actin remodeling. Additionally, OCRL1 could 

act as a housekeeping gene in which it maintains phosphoinositide homeostasis and 

prevents ectopic PI(4,5)P2 accumulation (Lowe, 2005).  

 

3.3.2 Ciliogenesis 

Recent studies have implicated that OCRL1 plays an important role in the 

ciliogenesis, particularly from studies of the zebrafish mutant models, which is discussed 

in greater detail below (Coon et al., 2012; Luo et al., 2012; Rbaibi et al., 2012). In one 

study, OCRL1 was localized to the primary cilium, where another found OCRL1 to be 

localized near the basal body of the cilia, but not within the cilium itself (Coon et al., 

2012; Luo et al., 2012; Mehta et al., 2014). Although the localization may be unclear, 

OCRL1 is required for ciliogenesis in the pronephros of the zebrafish mutant models. 

Additionally, in Coon et al., 2012, OCRL1 participates in protein trafficking towards the 
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primary cilium in a Rab8/IPIP27-dependent manner, linking the FAM109A/B proteins to 

a potential role in ciliogenesis.  

Based on this evidence, and because the organs affected in Lowe syndrome and 

Dent 2 disease are similar to those affected in ciliopathies, it has been suggested that 

Lowe syndrome is a type of ciliopathy (Coon et al., 2012; Luo et al., 2012; Rbaibi et al., 

2012). However, Mehta et al., 2014 warns that ciliopathies have a broad range of 

phenotypes, and some of the most common phenotypes such as hepatic disease, 

retinopathy, and situs inversus remain distinct from that of Lowe syndrome (Waters & 

Beales, 2011). It remains more likely that Lowe syndrome and Dent 2 disease are 

examples of endocytic disorders, in which ciliogenesis can also be disrupted, giving rise 

to ciliopathy-like phenotypes.  

 

3.4 Investigating OCRL1 in Animal Models 

 In order to better understand the pathophysiological mechanisms of OCRL1 

depletion, several animal models have been generated. Genes encoding the paralogs 

OCRL1 and INPP5B are present in all vertebrates, allowing for the utilization of both the 

mouse and zebrafish models (Ramirez et al., 2012). The original Ocrl1 knockout (KO) 

mouse model did not recapitulate any of the clinical manifestations seen in Lowe 

syndrome, due to compensation by its close paralog, Inpp5b (Janne et al., 1998). Inpp5b 

knockout (KO) mice were also viable and fertile, but Ocrl1-/-; Inpp5b-/- were embryonic 

lethal, thus making it difficult to study the in vivo functions of OCRL1 in the mouse 

(Janne et al., 1998). More recently, a mouse model expressing human INPP5B in the 
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Ocrl1-/-; Inpp5b-/- background was generated, which then allowed for investigation into 

the effects of the specific loss of OCRL1 activity (Bothwell et al., 2011). This mouse 

model, referred to as Ocrl/-, reconfirms many of the prior in vitro findings in regards to 

OCRL1’s subcellular functions including: 1) consistent low-molecular-weight 

proteinuria, reflective of disrupted receptor-mediated endocytosis, 2) ectopic 

accumulation of PI(4,5)P2 in early endosomes and aberrant F-actin polymerization, and 

3) altered lysosomal dynamics and defective function, as indicated by an increase in 

lysosomal cathpesin D and impaired processing of lysosomal substrates. These findings 

are also consistent with many of the clinical manifestations of Lowe syndrome patients 

(Bothwell et al., 2011; Festa et al., 2018). Additionally, a novel phenotype was identified, 

in which Ocrl/ mice exhibited overall decreased locomotor activity and global muscular 

atrophy, similar to that of the muscle hypotonia observed in Lowe syndrome patients  

(Bokenkamp & Ludwig, 2016; Festa et al., 2018). Collectively, this validates a novel 

mouse model of Lowe syndrome that holds promise for further insight into potential 

therapeutic interventions.  

 In zebrafish, the sequence identity and domain organization of zebrafish OCRL1 

and INPP5B are highly conserved with their human counterparts (Ramirez et al., 2012). 

The zebrafish OCRL1 exhibits the same subcellular localization as that of the human 

protein and is identical in its tissue-specific expression, thus making this a good animal 

model to further investigate the pathogenesis of Lowe syndrome and Dent 2 disease 

(Ramirez et al., 2012). Interestingly, ocrl1-/- mutants exhibit neurodevelopmental defects 

including delayed brain and eye development, increased susceptibility to febrile seizures, 
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accompanying gliosis, and cystic lesions in the brain (Mehta et al., 2014; Ramirez et al., 

2012). The mechanisms responsible for the neurological manifestations in the zebrafish 

still remain unclear, but rescue experiments suggest that the dysregulation of 

phosphoinositide metabolism and clathrin-mediated trafficking is involved (Ramirez et 

al., 2012). OCRL1-deficient zebrafish mutants exhibit a defect in endocytosis within the 

pronephros, as indicated by impaired fluid-phase and receptor-mediated endocytosis. 

Additionally, megalin abundance and subcellular distribution was altered in the ocrl1-/- 

mutants (Ramirez et al., 2012). Scanning electron microscopy (SEM) of transverse 

sections through the proximal pronephric tubule of ocrl1-/- mutants revealed a reduction 

in apical endocytic vesicles and an enlargement of the vacuolar endosomes, indicating a 

disruption in endosomal flux (Ramirez et al., 2012). Multiple independent studies have 

also implicated a critical role for OCRL in ciliogenesis during zebrafish development 

(Coon et al., 2012; Luo et al., 2012; Rbaibi et al., 2012). For example, the ocrl1-/- mutant 

exhibited shorter and fewer cilia, particularly in the pronephros (Oltrabella et al., 2015). 

Thus, the ocrl1-/- zebrafish mutant has been well-characterized thus far, and lends support 

in utilizing the zebrafish as a model for endocytic diseases.  

 

4. In vitro studies of FAM109A, a novel OCRL1 Adaptor Protein  

4.1 FAM109A/B Characterization and Localization 

 FAM109A was first characterized as Ses1 by Swan et al., 2010, and later as 

IPIP27A in Noakes et al., 2011. Both Ses and IPIP27 were identified as novel interactors 

of OCRL in a genome-wide yeast two-hybrid screen of Drosophilia melanogaster 
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proteins. The single invertebrate Ses/IPIP27 locus duplicates to encode the vertebrate 

proteins Ses1/IPIP27A (thus referred to as FAM109A) and Ses2/IPIP27B (thus referred 

to as FAM109B) (Noakes et al., 2011; Swan et al., 2010). Both proteins contain a C-

terminal phenylalanine-histidine motif (F&H) motif that is critical for binding to the 

ASH-RhoGAP-like domain of OCRL, as previously mentioned.  

To confirm that endogenous OCRL1 and both FAM109 proteins interact in vivo, 

coimmunoprecipitation experiments were performed. The majority of either FAM109A 

or FAM109B were brought down with OCRL1 antibodies, indicating that a large 

proportion of cellular FAM109 proteins are found in a complex with OCRL1 (Noakes et 

al., 2011). Interestingly, FAM109A also coimmunoprecipiated with FAM109B, and vice 

versa, suggesting that they associate with one another in vivo. This was confirmed with 

coimmunoprecipitation using green fluorescent protein (GFP)- or myc-tagged FAM109A 

and B. Both FAM109 proteins have the capacity to homodimerize, and FAM109B 

appears to dimerize more efficiently than FAM109A, most likely due to its longer coiled-

coil region (Noakes et al., 2011). The FAM109 heterodimer formation was more efficient 

than FAM109A homodimerization but not as efficient as FAM109B homodimerization. 

This formation of homodimers/heterodimers with the FAM109 proteins could potentially 

play a critical role in vivo.  

The F&H motif found in the FAM109 proteins is highly conserved across species, 

and is also found in another OCRL1-interacting protein, the Rab5 effector APPL1 

(Erdmann et al., 2007; McCrea et al., 2008). Interestingly, APPL1 and FAM109A 

binding to the OCRL1 ASH-RhoGAP-like domain are mutually exclusive and are 
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associated with distinct endocytic organelles that correlate to successive stages of 

progression along the endocytic pathway (Swan et al., 2010). This suggests that 

FAM109A/B and APPL1 mediate OCRL1 phosphatase activity at different stages in 

endocytosis, and that perturbing FAM109A/B may selectively affect a subset of OCRL1 

functions.   

Both FAM109A and FAM109B associated with early endosomes, which were 

positive for phosphatidylinositol-3-phosphate (PI3P)-binding endosomal markers such as 

early endosomal antigen 1 (EEA1) (Noakes et al., 2011; Simonsen et al., 1998; Swan et 

al., 2010). It was also found to be localized to the perinuclear recycling endosomes (as 

indicated by a partial overlap with Rab11) and the TGN (indicated by a partial overlap 

with TGN46 and Golgi-97), thus placing FAM109A/B at the early endosomes, recycling 

endosomes, and TGN (Noakes et al., 2011). 

 

4.2 FAM109A/B Cellular Functions 

FAM109A/B is required for proper endocytic flux and endosomal morphology. 

Depletion of FAM109A in HeLa cells caused an enlargement of early endosomes, while 

depletion of both FAM109A and FAM109B impaired TfR and CIMPR trafficking 

(Noakes et al., 2011). CIMPR plays an important role in the transport of newly 

synthesized lysosomal hydrolases from the TGN to the endosomes. Noakes et al., 2010 

then hypothesized that impaired CIMPR trafficking would disrupt the proper processing 

of a lysosomal hydrolase, cathepsin D in FAM109A or FAM109B-depleted cells. Indeed, 

depletion of FAM109A and FAM109B both resulted in a dramatic reduction in cathepsin 
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D processing, indicating reduced delivery to the endosomes and lysosomes. Interestingly, 

this was most apparent upon FAM109B depletion (Noakes et al., 2011). Reduced mature 

lysosomal hydrolases can result in impaired degradation of lysosomal substrates, leading 

to in an increase in the number and size of lysosomes in the affected cells, as seen in 

lysosomal storage disorders (Karageorgos et al., 1997; Noakes et al., 2011; Parkinson-

Lawrence et al., 2010). Consistent with this, FAM109-depleted cells exhibited increased 

numbers of LAMP1-positive lysosomes that were also enlarged as compared to control 

cells (Noakes et al., 2011). Utilizing an overexpression strategy of wild-type and mutant 

forms of FAM109A/B, the functional interaction between the FAM109 and OCRL1 was 

found to be required for proper endosomal morphology and function (Noakes et al., 

2011). 

 FAM109A is also an important adaptor protein that mediates the 5-phosphatase 

activity of OCRL1. A proline-rich 203PPPxPPRR210 motif was identified in the C-terminal 

of FAM109A that acts as an SH3-binding site for actin-associated SH3-domain proteins 

such as MYOSIN 1E, PACSIN2, and CD2AP (Billcliff et al., 2016). Billcliff et al., 2016 

chose to focus primarily on PACSIN2, which contains an F-BAR domain that is 

important in its role in the biogenesis of trafficking intermediates (Kessels & Qualmann, 

2004; Kostan et al., 2014; Quan & Robinson, 2013). The BAR (Bin-amphiphysin-

Rvs161/167) domains can be found in a large number of diverse proteins, and allow the 

proteins the ability to detect membrane curvature to further shape the membrane, acting 

as scaffolds to form high-curvature membranes (Frost et al., 2009; Quan & Robinson, 

2013; Ren et al., 2006). It is important to note that PACSIN2 binds only to FAM109A, 
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not FAM109B, whereas OCRL1 interacts with both FAM109A and FAM109B. 

Additionally, FAM109A binding to SH3-domain proteins is selective (Billcliff et al., 

2016). Further investigation revealed that PACSIN2 colocalizes with OCRL1 and 

FAM109A at the TGN and early endosomes, forming a tripartite OCRL1/FAM109A/ 

PACSIN2 complex that stimulates the membrane curvature-sensitive OCRL1 5-

phosphatase activity. This provides a more direct role for OCRL1 in the endocytic 

trafficking process, especially since CIMPR trafficking is impaired when the OCRL1-

FAM109A interaction is disrupted or when PACSIN2 is depleted (Billcliff et al., 2016). 

This also supports the role for OCRL1 and FAM109A in anterograde TGN-to-endosome 

trafficking, whereas previous studies had solely focused on the role of OCRL1 and 

FAM109A in retrograde endosome to TGN trafficking (Billcliff et al., 2016; Choudhury 

et al., 2009; Noakes et al., 2011; van Rahden et al., 2012; Vicinanza et al., 2011). Taken 

together, OCRL1 and FAM109A appear to play an important role in both anterograde 

and retrograde CIMPR trafficking at the TGN and early endosome, respectively (Billcliff 

et al., 2016). The tripartite OCRL1/FAM109A/PACSIN2 complex has also been shown 

to play a critical role in cell division, although in an indirect manner by regulating 

OCRL1 phosphatase activity and PI(4,5)P2 homeostasis on endomembranes, such that 

cortical membrane stability is conserved during cytokinesis (Carim et al., 2019). 

 Lastly, FAM109A is involved in protein trafficking to the cilia, via its interaction 

with OCRL1. Interestingly, overexpression of FAM109A rescued the primary cilia 

phenotype in OCRL1-depleted NIH3T3 cells thus implicating a role for FAM109A in 

ciliogenesis and/or cilia maintenance (Coon et al., 2012).  
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In conclusion, these in vitro studies strongly suggest that FAM109A is a critical 

adaptor protein that mediates proper OCRL1 5-phosphatase activity. The formation of 

protein complexes with OCRL1, such as the OCRL1/FAM109A/PACSIN2 complex 

could serve as a form of coincidence detection, thus allowing for OCRL1 to act in such a 

diverse range of cellular functions (Billcliff et al., 2016). Further investigation into the 

mechanisms of FAM109A/B in vivo will allow us to better understand the regulatory 

roles of the FAM109A/B in the context of an intact organism and assess the effects on 

development, physiology, and disease.  

 

5. Abnormal craniofacial development in lysosomal disorders 

As briefly mentioned, a de novo arginine (R) to cysteine (C) mutation in 

FAM109A was identified in a patient through the National Institute of Health’s 

Undiagnosed Diseases Program (UDP). The patient presented with coarse facial features 

and facial asymmetry, suggesting abnormal craniofacial development. This led us to 

investigate a potential role for FAM109A and endocytosis in craniofacial development. 

Improper endocytic flux to the lysosomes could disrupt the sorting of lysosomal proteins, 

which is proposed to cause craniofacial abnormalities in lysosomal storage disorders. For 

example, mucolipidosis type II (MLII) is caused by mutations in the GNPTAB gene, 

which disrupts mannose 6-phosphate-dependent targeting and results in hypersecretion of 

multiple lysosomal enzymes (Koehne et al., 2016; Kudo et al., 2006). The deficiencies of 

the lysosomal enzymes in the lysosome then lead to the accumulation of non-degraded 

macromolecules, resulting in lysosomal dysfunction. MLII is characterized by coarse 
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facial features, impaired skeletal growth, progressive osteodystrophy, psychomotor 

retardation, and early death (Cathey et al., 2010; Koehne et al., 2016; Spranger & 

Wiedemann, 1970). In the zebrafish model of MLII (morpholino knockdown of 

GNPTAB), craniofacial cartilage morphology was severely impaired (Flanagan-Steet et 

al., 2009). Morphological deficits in the MLII model was associated with abnormal 

timing and expression of chondrogenic factors in the developing cartilage structures, 

specifically the extracellular matrix (ECM) protein type II collagen and transcription 

factor Sox9. 

Chondrogenesis leads to the formation of cartilage, which anchors endochondral 

ossification during skeletal development. This process of cartilage and bone development 

depends on the coordinated action of multiple growth factor pathways (Figure 3). 

Alterations in timing and expression of early phase chondrogenic factors signal disrupted 

chondrogenesis. The transition between TGF-- and BMP-activated signals plays an 

important role in directing the sequential deposition of different extracellular matrix 

(ECM) proteins surrounding the chondrocytes. Type II collagen (col2a1a) is one of the 

earliest markers of chondrocyte proliferation, followed by aggrecan and decorin. As 

chondrocytes enter the hypertrophic phase, they begin to express type X collagen 

(col10a1), and then lastly type I collagen (col1a2) once the bone has replaced the 

cartilage (Flanagan-Steet et al., 2016; Goldring et al., 2006). Furthermore, the Sox9 

transcription factor is required for early chondrocyte development, but abnormally 

sustained Sox9 expression can inhibit later stages of maturation (Olsen et al., 2000).  
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Extracellular matrix remodeling and homeostasis of bone and cartilage are 

dependent on the proper function of proteolytic enzymes, including cysteine proteinases 

(also known as cathepsins), and metalloproteinases (MMPs) (Holmbeck & Szabova, 

2006; Yasuda et al., 2005). Work in animal models of mucopolysaccharidoses (MPS) has 

implicated an important role for both cathepsins and MMPs in the pathogenesis of 

lysosomal disorders (Ma et al., 2008; Petrey et al., 2012; Simonaro et al., 2005). 

Increased levels of cathepsins and MMPs were found in cell populations derived from 

MLII zebrafish embryos, and this corresponded with a sustained activity of cathepsins 

(K, L, and S). Consistent with cathepsin as a pathogenic cause, chemical and genetic 

inhibition of cathepsin K (Ctsk) rescued multiple aspects of the craniofacial phenotypes 

in ML-II zebrafish (Petrey et al., 2012). 

Recently, Flanagan-Steet et al., 2018 uncovered a regulatory loop between TGF- 

signaling and Ctsk in developing cartilage that is altered when lysosomal targeting is 

impaired. The increased activity of Ctsk found in MLII zebrafish mutants occurred due to 

the increased proteolytic processing of pro-Ctsk, which was enhanced by TGF- signals. 

In turn, the increased extracellular Ctsk liberates TGF- from latent complexes, thus 

sustaining its activity and impairing chondrogenesis (Flanagan-Steet et al., 2018). 

Furthermore, pharmacological intervention, either at the Ctsk activity level or TGF- 

signaling rescued the disease phenotypes in MLII zebrafish (Flanagan-Steet et al., 2018).  

In conclusion, since FAM109A and FAM109B are involved in the transport of 

newly synthesized lysosomal hydrolases from the TGN to the endosomes, we 

hypothesized that depletion of zFAM109A and zFAM109B will result in craniofacial 
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abnormalities. This hypothesis is reinforced by the fact that loss of FAM109B results in 

hypersecretion of pro-cathepsin D, due to impaired cathepsin D processing (Noakes et al., 

2011). We address this by investigating craniofacial morphometrics and chondrocyte 

morphology, proliferation, and maturation in our zFAM109A/B mutants.   
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Figure 3. Schematic of chondrocyte maturation summarizing transcriptional regulators and 

expression patterns of ECM proteins. Adapted from Flanagan-Steet et al., 2016.   
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6. Utilizing the Zebrafish as an in vivo Model  

To investigate the in vivo functions of FAM109A, we chose to utilize the 

zebrafish model for multiple reasons. First, after sequencing of the zebrafish genome, 

zebrafish became highly genetically tractable. Approximately 70% of human genes 

correspond with at least one ortholog in the zebrafish genome and furthermore, zebrafish 

orthologs have been identified for 82% of the known human disease genes (Howe et al., 

2013). The use of morpholinos, antisense oligonucleotides that block translation or 

proper splicing to temporarily downregulate gene function, rapidly accelerated the field 

in zebrafish loss-of-function studies. The genomic information also allowed for the 

expansion of transgenic lines, which in addition to the optical clarity of zebrafish 

embryos and larvae, have greatly enabled fluorescent in vivo investigation of cellular and 

molecular mechanisms (Ahrens et al., 2013; Blumhagen et al., 2011; Chen et al., 2013; 

Dunn et al., 2016; Gahtan & Baier, 2004; McLean et al., 2007; Pan et al., 2013; Phillips 

& Westerfield, 2014; Xiong et al., 2013). With the recent advent of CRISPR technology, 

it has become easier than before to induce remarkably precise mutations in the zebrafish 

genome that are passed down to the offspring (Gagnon et al., 2014; Hwang et al., 2013). 

Additionally, zebrafish are very cost-effective, have rapid ex utero development,  

and generate large numbers of embryos, which allows for the large-scale screens of 

pharmaceutical compounds as well as the rapid analyses of disease-associated genetic 

mutations (Brannen et al., 2013; Esterberg et al., 2013; Flanagan-Steet et al., 2009; Kokel 

et al., 2010; Neuhauss et al., 1999; Oltrabella et al., 2015; Peterson et al., 2000; Rihel et 

al., 2010; Wang et al., 2014). Zebrafish have proven very useful in validating the 
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pathogenicity of newly discovered genes or alleles in human patients. More specifically, 

the potentially pathogenic human genes can be depleted in the zebrafish, and then rescued 

with loss-of-function mutations by human variants to confirm their disease-causing 

potential (Phillips & Westerfield, 2014). This approach has offered valuable insight for 

clinicians into a broad range of genetic disorders, including neurodevelopmental 

disorders and ciliopathies (Phillips & Westerfield, 2014; Sakai et al., 2018; Song et al., 

2016). This combination of large-scale screens and investigation of putative pathogenic 

human alleles also allows for a more rapid approach towards novel therapeutic strategies. 
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II. MATERIALS AND METHODS 

Zebrafish Husbandry 

Animals were maintained under standard protocol in accordance with Institutional Animal 

Care and Use Committee guidelines at Augusta University and Virginia Polytechnic 

Institute and State University. Embryos and larvae were raised in water containing 0.1% 

Methylene Blue hydrate (Sigma-Aldrich). To prevent pigment formation for selected 

experiments, embryos were transferred to embryo media containing 0.003% 1-phenyl-2-

thiourea (PTU; Sigma-Aldrich) between 18-24 hpf.  

Mutant and Transgenic Zebrafish Lines 

 zFAM109A (ZFIN gene name: fam109b) and zFAM109B (ZFIN gene name: fam109a) 

mutants were generated in the TL/AB mixed background using CRISPR engineering as 

previously described (Auer et al., 2014; Gagnon et al., 2014; Irion et al., 2014; Jao et al., 

2013). All constructs were made using standard molecular biology techniques. The 

zFAM109Anull allele harbored a 38 base pair deletion (frame shift), resulting in the 

deletion of a MwoI restriction site, which was used to distinguish between wild-type and 

zFAM109Anull alleles. DNA prep and PCR were performed as previously described, 

followed by MwoI digestion for 2 hours at 60C (primer sequences: 

cctcaaacaaactagcggacgtgtcgagta and cgcgacagagcctttacccatgattccata). After MwoI 

digestion, the cut wild-type bands were 230 and 300 base pairs in length, whereas the 

mutant band was 531 base pairs (uncut). The zFAM109Bnull allele harbored an 11 base 
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pair deletion, resulting in the deletion of an NlaIII restriction site, which was used to 

distinguish between wild-type and zFAM109Bnull alleles. DNA prep and PCR were 

performed as previously described, followed by NlaIII digestion for 2 hours at 37C 

(primer sequences: ggacggtcagttctgtttctct and catgtaaacataccttcgtatcgtc) After NlaIII 

digestion, the cut wild-type bands were 180 and 44 base pairs in length, whereas the 

mutant band was 213 base pairs (uncut). Tg(ubi:zFAM109AWT) and 

Tg(ubi:zFAM109AR6C) zebrafish transgenic lines were generated utilizing the Tol2-

transgenesis system as previously described (Kawakami, 2007). EGFP was fused to the 

C-terminal of either the wild-type zFAM109A protein (zFAM109AWT) or the 

zFAM109A protein containing the patient-specific R6C mutation (zFAM109AR6C), and 

placed into the Tol2 vector, preceded by a ubiquitous promoter. The Tol2-

ubi:zFAM109AWT and Tol2-ubi:zFAM109AR6C vectors were then injected with 

transposase mRNA into wild-type zebrafish larvae at the 1-cell stage. Identified founders 

were out-crossed to wild-type TL/AB at 2-3 months of age and offspring was screened 

for EGFP-positive F1 founders.  

 

Whole Mount In Situ Hybridization  

Single fluorescent in situ hybridization was performed using standard protocol. Sense and 

antisense probes were transcribed from linearized plasmid DNA using the 

MEGAshortscript T7 (Ambion) and mMessage mMachine SP6 (Ambion) transcription 

kits, respectively.  

 



 

36 

 

Histochemistry and Immunohistochemistry 

Alcian blue and Alizarin red staining was performed as previously described (Javidan & 

Schilling, 2004; Walker & Kimmel, 2007). Animals were imaged using a Nikon SMZ18 

fluorescent stereomicroscope with an image capture system, and craniofacial 

measurements were obtained in ImageJ. Ordinary one-way ANOVA used for statistical 

analyses. Fluorescent images were acquired using a Nikon A1R MP+ laser scanning 

confocal system with a CF175 Apochromat LWD 25x water-immersion objective. Primary 

antibodies are as follows with dilutions: Anti-acetylated -tubulin (Sigma, 1:1000), anti-

-tubulin (Sigma, 1:100), znp-1 (anti-synaptotagmin2; DHSB, 1:25), zpr1 (ZIRC, 1:100), 

zpr3 (ZIRC, 1:100), anti-col2a1a (DHSB, 1:100), anti-GFP (Abcam, 1:1000). Alexa fluor 

conjugated secondary antibodies, DAPI (LifeTech), and Toto3 (LifeTech) were used after 

primary antibody incubation.  

Injection of Endocytic Tracers and Analysis 

Lysine-fixable 10kDa or 500 kDa Dextran labeled with Alexa 488 or FITC respectively 

(Thermo Fisher) were prepared in PBS at 2g/l final concentration. In addition, 

recombinant Cy3-labelled His-tagged RAP (39 kDa), prepared in PBS at 5g/l final 

concentration, was kindly provided by Dr. Martin Lowe (University of Manchester). 

Zebrafish embryos were anesthetized in 1xTricaine (0.013% w/v) diluted in embryo water 

at 72 hpf. Approximately 0.5- 1 nl of endocytic tracer was injected into the common 

cardinal vein using a glass micropipette PLI90 pressure injector (Harvard Apparatus) and 

micromanipulator (Narishige). Uptake in the renal tubular cells of the proximal pronephros 
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was analyzed 1-2.5 hours post-injection (hpi), using a Nikon SMZ18 fluorescent 

stereomicroscope with an image capture system. Animals injected with 500 kDa Dextran 

were analyzed 24 hpi. Statistical analyses performed using Pearson’s chi-squared test.  

Morpholino Inhibition of OCRL1 Gene Expression 

Morpholino (MO) knockdown of ocrl1 was performed as previously described (Coon et 

al., 2012), and was kindly provided by Dr. Martin Lowe (University of Manchester). A 

translation blocking MO was utilized and 1-5 ng/ul was injected into embryos at the 1-cell 

stage. Sequence is as follows: AATCCCAAATGAAGGTTCCATCATG. Because the 

specificity of this MO has already been validated by rescue ocrl1 mRNA experiments, only 

one MO was used (Coon et al., 2012). 

Cilia Quantification and Analysis 

Cilia in the anterior portion of the pronephros, just before the yolk sac extension, and in 

the posterior portion near the cloacae in the developing zebrafish larvae were selected and 

analyzed in a uniform manner. The number of cilia within 100x100 microns were 

quantified, and the length of five randomly selected cilia were measured within the 100 

x100 micron area.  

Optokinetic Response 

VisioTracker 302060 (New Behavior TSE) was used for OKR and saccade assays. Eye 

movements of individual fish were recorded at 5 frames per second by an overhead CCD 

camera. Zebrafish larvae were placed in the center of an uncoated 50mm glass bottom petri 
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dish (MatTek) and immobilized in 1.5-2% low melting agarose (Fisher Scientific) in E3 

buffer. Agarose around the eye was removed with forceps to allow free eye movement. 

The dish was then filled with water. To test slow phase performance under short 

periodicity, direction of black and white grating switched every three seconds with grating 

velocity at 7.5°/s. Each experimental run (trial) was 108 seconds long and included twelve 

9-second phases at varying contrast levels (0.99, 1.0, 0.5, 0.2, 0.1, 0.05, 0.02, 0.05, 0.1, 

0.2, 0.5, 1.0). 5-6 trials were tested for each animal.  Contrast sensitivity and eye correlation 

were calculated in trials where behavioral response is robust. Spontaneous saccades and 

OKR performance under long periodicity was tested using a trial that contains four phases: 

(1) uniform illumination (1-160s), (2) square wave grating with direction switching every 

40s, contrast=1, spatial frequency=0.05 cycles/°, and velocity=10°/s (161-400s), (3) 

uniform illumination (401-480s), (4) square wave grating with direction switching every 

8s, contrast=1, spatial frequency=0.05cycles/°, and velocity=10°/s (481-560s). Slow-phase 

eye velocity was measured as the mean, saccade-removed, instantaneous velocity averaged 

across both eyes and across time within 1 second bins. 

Image Processing and Statistical Analyses 

Images were processed with Fiji (Schindelin et al., 2012) and Photoshop (Adobe Systems) 

software. All statistical analyses were performed in GraphPad Prism (Version 7.0d).  The 

chi-square test, one-way, and two-way ANOVA test was performed as appropriate. All 

values are expressed as mean  SEM. The test was considered significant when p<0.05. 

When ANOVA tests were found to be significant, the Holm Sidak’s post-hoc test was 
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performed to make pairwise comparisons. The following p-values apply to all analyses:   

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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III. RESULTS 

 

Expression and gene targeting of zFAM109A  

 Like human, zebrafish has two FAM109 family genes, fam109a and fam109b. 

Despite the nomenclature, fam109b is the most likely ortholog of the human FAM109A, 

with 55% sequence similarity, as opposed to 44% similarity to fam109a. The neighboring 

genes of the human FAM109A and zebrafish fam109b loci are also conserved. For 

simplicity, we will refer to fam109b as zFAM109A, and fam109a as zFAM109B. The 

functional domain structures are well conserved, as well as the interaction motifs, 

particularly the F&H motif, which is the site of OCRL1 binding. Additionally, 

zFAM109A contains the PPPxPPRR motif for PACSIN2 binding, like that of the human 

FAM109A, confirming that this is the most likely ortholog (Figure 4A). We first 

characterized the expression pattern of zFAM109A in the developing zebrafish larvae by 

performing whole-mount in situ hybridization at the 1-cell stage and 24 hours post-

fertilization (hpf). zFAM109A was broadly expressed at the early stages of development, 

with some potential enrichment in the nervous system (Figure 5). This expression pattern 

was confirmed at later stages with fluorescent in situ hybridization in larvae 5 days post-

fertilization (dpf) (Figure 4B).  

 To study the functions of zFAM109A in vivo, we generated a mutant allele of 

zFAM109A utilizing CRISPR technology (Auer et al., 2014; Gagnon et al., 2014; Hisano 
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et al., 2015; Irion et al., 2014; Jao et al., 2013). The mutant allele, zFAM109Anull, contains 

a thirty-eight base pair (38bp) deletion after the start codon, resulting in a frame shift and 

a premature termination codon, suggesting that this is likely a null allele (Figure 4C). In 

addition, in order to test for potentially redundant functions of zFAM109A and its close 

homolog, zFAM109B, we also generated a zFAM109B mutant allele. This mutant allele, 

zFAM109Bnull, contains an eleven base pair (11bp) deletion in exon 2, also resulting in a 

frame shift and a premature termination codon, suggesting that this is likely a null allele 

(Figure 4C). Incorporation of the CRISPR-mediated deletions into both zFAM109A and 

zFAM109B was confirmed by sequencing of the genome.   

 Zygotic zFAM109Anull homozygous (ZA) mutants are viable and fertile with no 

apparent abnormalities during development. The same is true for zygotic zFAM109Bnull 

homozygous (ZB) mutant animals. The presence of both the zFAM109A and zFAM109B 

transcripts in the early 1-cell stage and 24 hpf larvae indicates that this gene is maternally 

inherited (Figure 5), and the maternal transcript may compensate for the loss of zygotic 

transcripts during the early stages of development. This directed us to focus on the 

mutant progeny of mutant mothers in the majority of our experiments. The maternal-

zygotic zFAM109Anull mutants (A) and maternal-zygotic zFAM109Bnull mutants (B) lack 

both the wild-type (WT) maternal transcript and zygotic transcript during development. 

We also generated maternal-zygotic homozgyous zFAM109Anull; zFAM109Bnull mutants 

(AB) to eliminate potential redundant functions between the two zFAM109 proteins in 
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the zebrafish. The A, B, and AB mutants are viable and fertile as well, with no apparent 

abnormalities during development. Therefore, zFAM109A and zFAM109B are not 

required for viability and fertility of adult zebrafish.  
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Figure 4. Expression and gene targeting of zFAM109A. (A) The domain structures of Drosophila 

melanogaster FAM109 (dFAM109), human FAM109, and the zebrafish orthologs, zFAM109A and 

zFAM109B. The pleckstrin homology (PH) domain, coiled coil domain, OCRL binding site, and PPPxPPRR 

motif (pacsin2 binding site) are highlighted. (B) zFAM109A mRNA (red) localization in a 5-day old zebrafish 

(with sense, anti-sense probes). Neurons are stained in cyan (znp-1). Scale bar=200 µm. (C) Generation of 

CRISPR Indels. Top panel shows zFAM109A WT sequence and zFAM109Anull sequence with 38bp deletion. 

Bottom panel shows zFAM109B WT sequence and zFAM109Bnull sequence with 11 bp deletion. CRISPR 
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target site is underlined in red, and PAM site in green. Note that zFAM109B sequence shown is reverse 

complement. 
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Figure 5. zFAM109A and zFAM109B whole-mount in situ hybridization of developing zebrafish 

embryo. Wild-type (WT) embryos were collected and whole-mount in situ hybridization performed at the 

1-cell stage and 24 hours post-fertilization (hpf). Anti-sense probe depicts broad zFAM109A expression (A) 

and zFAM109B expression (B) during development, with potential enrichment in the nervous system, as 

compared to control sense probe. 
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Loss of zFAM109A/B disrupts fluid-phase endocytosis 

 To investigate non-clathrin mediated endocytosis in our zFAM109Anull and 

zFAM109Bnull zebrafish mutant models, we utilized a well-established assay in which a 

fluorescent endocytic tracer is injected into the common cardinal vein (CCV), followed by 

filtration and reabsorption into the renal tubular cells lining the pronephric kidney, 

commonly referred to as the pronephros (Drummond et al., 1998; Oltrabella et al., 2015). 

Endocytic uptake into the renal tubular cells can then be analyzed using fluorescent 

microscopy. We initially started with 10kDa dextran, a general marker for fluid-phase 

endocytosis and micropinocytosis (Li et al., 2015). Animals were injected with the 

fluorescent tracer at 3 dpf and then categorized into three groups, based on whether they 

had good endocytic uptake, low uptake, or no uptake at all (Figure 6A). The A 

heterozygous (A+/-) and homozygous (A-/-) mutants did not show any significant 

differences compared to the WT control animals, but there appeared to be a trend in which 

there was a small reduction in 10 kDa dextran uptake. Only the AB homozygous (AB-/-) 

mutants exhibited a significant reduction in 10kDa dextran uptake compared to WT 

controls (Figure 6B). This suggests that zFAM109A and zFAM109B have redundant 

functions in fluid-phase endocytosis, thus an endocytic deficit is only observed when both 

proteins are depleted.   

 Next, to test the functional interaction of OCRL1 and zFAM109A/B, we injected a 

previously validated OCRL1 morpholino (MO) at the 1-cell embryonic stage and then later 
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injected the 10kDa dextran at 3 dpf (Coon et al., 2012). Injection of 5ng/nl OCRL1 MO in 

the WT animals resulted in a severe reduction of dextran uptake, as previously described 

(Oltrabella et al., 2015). Injection of 4 ng/nl OCRL1 MO in WT animals results in a partial 

reduction of normal dextran uptake. Interestingly, injecting 4 ng/nl OCRL1 MO in the AB 

mutants resulted in severe deficits in dextran uptake (Figure 6C). This suggests that 

OCRL1 and zFAM109A/B functionally interact in fluid-phase endocytosis.  

In addition to fluid phase uptake, depletion of OCRL1 also disrupts the endocytic 

uptake of the receptor-associated protein (RAP), indicating defective megalin-dependent 

endocytosis (Anzenberger et al., 2006; Oltrabella et al., 2015). We therefore tested for 

similar deficits in our A and AB mutants. It is important to note that RAP is a larger protein 

(39kDa), and therefore not as readily taken up into the renal tubular cells, thus explaining 

the reduced uptake in WT controls. In contrast to OCRL1 mutants, we found no significant 

differences among WT, A mutant, and AB mutant animals in RAP endocytic uptake 

(Figure 6D). These results indicate that zFAM109A/B are only involved in a subset of 

OCRL1’s functions, specifically fluid-phase endocytosis.  

 To confirm that the reduction of 10kDa dextran uptake in the AB mutants is a fluid-

phase endocytosis specific defect, and not a downstream consequence due to disruption of 

the glomerular filtration barrier, we tested glomerular filtration in the A and AB mutants 

by injecting 500 kDa dextran. 500kDa is too large to pass through a normally functioning 

glomerular filtration barrier, so it is expected to remain in the bloodstream for an extended 
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period of time. As shown in Figure 6E, the 500kDa is retained in the bloodstream in both 

the A mutants and AB mutants at 24 hours post-injection (hpi), like that of the WT controls. 

Thus, the AB mutants do exhibit a tubular endocytic uptake defect, while the functioning 

of the glomerular filtration barrier is unaffected.  
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Figure 6. Loss of zFAM109A/B disrupts fluid-phase endocytosis. (A) Sample fluorescent images of WT 

animals depicting good, low, or no dextran uptake. (B) Injection with Alexa 488-10kDa Dextran. (C) WT 

and AB animals injected with OCRL MO at 1-cell stage, then 10 kDa dextran at 3 dpf. (D) Injection with 

RAP-Cy3. (E) Representative images of 3 dpf animals injected with 500 kDa Dextran, and imaged 24 hpi. 

Scale bar= 200 µm. Statistical analyses performed using the Pearson’s chi-squared test. **p<0.01, 
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****p<0.0001. Abbreviations: WT (wild-type), A Het (A+/-), A Mut (A-/-), AB Mut (AB-/-), MO 

(morpholino).  
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Loss of zFAM109A/B disrupts ciliogenesis in the pronephros 

 To determine if depletion of zFAM109A and/or zFAM109B has an effect on 

ciliogenesis or cilia maintenance in vivo, like that of the OCRL1-deficient mutants, we 

analyzed the cilia in the pronephros of 3 dpf larvae. We found that the AB mutants have 

shorter and fewer cilia, similar to the phenotype seen in OCRL1-deficient fish (Figure 7) 

(Oltrabella et al., 2015). This was determined by quantification of the cilia numbers and 

lengths in both anterior and posterior portions of the pronephros in A and AB mutants. 

Interestingly, A mutants had slightly longer cilia, particularly in the anterior pronephros. 

AB mutants had significantly reduced cilia length in both the anterior and posterior 

portions of the pronephros. No difference was observed in the cilia number in A mutants, 

but AB mutants had reduced cilia number in the posterior pronephros. Since AB mutants 

exhibited a similar cilia phenotype like that of the ocrl-/- mutants, this reinforces the 

hypothesis that both proteins are involved in the same pathway. It also suggests that 

zFAM109B plays an important role in ciliogenesis, since the reduction in cilia length and 

number is only seen in the AB mutants. 
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Figure 7. Loss of zFAM109A/B disrupts ciliogenesis in the pronephros. (A) Representative confocal 

images of cilia in the pronephros of WT, A Mut, and AB Mut. Cilia are labeled with anti-acetylated -

tubulin (green), basal bodies labeled with anti- tubulin (red), and nuclei labeled with toto-3 or DAPI 

(blue).  Scale bar= 25 µm. (B) Cilia number in anterior pronephros. WT: n=15, A Mut: n=11, AB Mut: 

n=10. (C) Cilia length in anterior pronephros. WT: n=15, A Mut: n=11, AB Mut: n=10. Five cilia selected 

from each animal for cilia length measurements.  (D) Cilia number in posterior pronephros. WT: n=20, A 

Mut: n=11, AB Mut: n=12. (E) Cilia length in posterior pronephros. WT: n=20, A Mut: n=11, AB Mut: 

n=12. Five cilia selected from each animal for cilia length measurements. Error=SEM. Statistical analyses 

performed using one-way ANOVA with Holm-Sidak’s multiple comparisons test. *p<0.05, **p<0.01, 

****p<0.0001.  
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Identification of a de novo mutation in human FAM109A 

Recently, a de novo arginine (R) to cysteine (C) mutation in FAM109A 

(NM_001177996.1:c.55C>T; p.R6C) was identified in a female patient through the 

National Institute of Health’s Undiagnosed Diseases Program (UDP). This UDP patient 

presents with craniofacial abnormalities, developmental delay, vision and auditory 

impairments, and renal dysfunction. The full list of clinical findings is outlined in Table 1. 

The R6C allele is heterozygous in the patient and not present in asymptomatic family 

members, as confirmed by whole exome sequencing and Sanger sequencing, suggesting 

that this is a de novo mutation that produces an autosomal-dominant phenotype in the 

patient (Figure 8A). In addition, the arginine residue in FAM109A is highly conserved 

across species (Figure 8B) (Papadopoulos & Agarwala, 2007) and the R6C mutation was 

predicted to be damaging with the use of Polyphen, SIFT, and MutationTaster (Adzhubei 

et al., 2010; Schwarz et al., 2014; Sim et al., 2012). When performing a population 

assessment, three other R6C variant alleles were observed in over 180,000 alleles of the 

ExAC cohort. No disease phenotypes have been described for the other individuals, 

suggesting that the pathogenicity of this variant may be dependent on genetic background.   

Protein modeling was performed using the I-TASSER, MUSTER, and PHYRE2 

servers (Figure 8C) (Adzhubei et al., 2010; Kelley et al., 2015; Roy et al., 2010; Wu & 

Zhang, 2008). Based on the homology model, the arginine residue (highlighted in yellow) 

is far from the OCRL1 binding site (highlighted in magenta). However, it stabilizes the 
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folded domain around the C-terminal helix, close to the F&H motif, such that the R6C 

mutation is predicted to disrupt the folded domain and thus interfere with OCRL1 binding 

to FAM109A. With this evidence, we wanted to investigate whether our zebrafish 

zFAM109A/B mutant models exhibited similar phenotypes to that of the patient, with an 

increased focus on sensory function, specifically visual function, and craniofacial 

development.  
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Table 1. UDP_5532 Patient Clinical Presentations 

Presentation 

at Birth 

Abnormality of the Placenta, Breech presentation (C-section performed), Gestational 

diabetes, Congenital bilateral hip dislocation, Congenital muscular torticollis, 

Decreased body weight, Birth length less than 3rd percentile, Episodic vomiting, 

Feeding difficulties in infancy, Self-injurious behavior, Small for gestational age 

Facial 

Features 

Facial asymmetry, coarse facial features, concave nasal ridge, flat occiput, malar 

flattening, narrow mouth, sparse scalp hair, relative macrocephaly 

Brain Subdural hemorrhage, Absence of acoustic reflex, Ventriculomegaly, Elevated brain 

lactate level by MRS, Reduced brain N-acetyl aspartate level by MRS, Cavum septum 

pellucidum, Widened subarachnoid space, Decreased sensation to painful stimuli 

Eyes Congenital exotropia, amblyopia, bilateral ptosis, hypertelorism, nystagmus, optic 

nerve dysplasia/hypoplasia, short palpebral fissure, telecanthus. Patient had corrective 

surgery and vision is now normal. 

Kidney Horseshoe kidney, oligosacchariduria 

Motor Broad-based gait, delayed fine and gross motor development, generalized hypotonia, 

oral motor hypotonia 

Hands/Feet Clinodactyly of 4th and 5th finger, multiple palmar and plantar creases, pes planus, short 

foot and palm, tapered fingers, slow-growing nails, metatarsus adductus 

Dental Abnormality of dental morphology, dental malocclusion, difficulty in tongue 

movements, widely spaced teeth 

Other Moderate receptive language delay, severe global developmental delay, hearing 

impairment, thoracolumbar kyphoscoliosis, chronic constipation, mitral valve prolapse, 

freckled genitalia, hyperpigmented streaks, prominent crus of helix, upper airway 

obstruction, hip dysplasia, seasonal allergy 

 

Table 1. Clinical features of UDP patient affected with a de novo arginine (R) to cysteine (C) 

mutation in FAM109A. 
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Figure 8. Identification of a de novo mutation in the human FAM109A. (A) Whole exome sequencing 

was performed on both parents and fraternal twin of the UDP patient. N denotes “Not affected” and Y 

denotes “Affected.” P with the arrow identifies the UDP patient (UDP_5532). + indicates the presence of a 

normal allele, thus marking p.R6C as a heterozygous mutation. (B) COBALT multiple alignment of partial 

protein sequences of FAM109A orthologs. The conserved arginine residue is highlighted in red, and amino 

acid residues that differ from the sequence of the human FAM109A protein are highlighted in green. The 

arginine residue is highly conserved across multiple species. (C) 3-D structure of the human FAM109A 

protein showing the pleckstrin homology (PH) domain (green) with a four-stranded N-terminal and three-

stranded C-terminal β-sheet with a helix (orange). The conserved arginine amino acid (Arg19, yellow) is 

far from the F&H motif (magenta); however, it stabilizes the folded domain around the C-terminal helix. 

Protein modeling suggests that the mutation of R6C (R19C in long isoform) mutation may change the 
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folded domain in and around the F&H motif, such that it disrupts the interaction with OCRL1. (D) Image 

of UDP patient who presents with facial asymmetry, concave nasal ridge, and malar flattening.  
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zFAM109A/B is not required for visuomotor function and photoreceptor 

development 

 The UDP patient was born with multiple visual complications, including 

congenital exotropia, amblyopia, nystagmus, and optic nerve hypoplasia. This suggests 

that FAM109A may play a role in proper oculomotor development. To test this, we 

analyzed the optokinetic response (OKR) in our zFAM109A/B mutant models. OKR is a 

gaze stabilization system that utilizes the extraocular muscles to stabilize a visual image 

on the retina in response to movement in the surround. It is a crucial neural system for 

maintaining optimal visual acuity and is conserved in all vertebrates (Huang & Neuhauss, 

2008). OKR consists of involuntary compensatory eye movements that can be separated 

into two parts: 1) the resulting slow eye movements following the moving target in space 

(slow phase) which is 2) disrupted by fast resets in the opposite direction (fast phase), 

also referred to as resetting saccades (Huang & Neuhauss, 2008). In zebrafish, OKR 

develops early and rapidly in concordance with the maturation of the extraocular 

muscles, and is robust by 3-4 dpf (Easter & Nicola, 1997; Huang & Neuhauss, 2008). To 

ensure complete development of OKR, we tested 5-6 dpf larvae. Animals were placed 

inside a circular arena with projections of moving black and white gratings, and the eye 

positions were video-recorded (Figure 9A). The grating directions alternate clockwise 

and counter-clockwise at different contrasts at 3-second periodicity. Since this is a 

behavioral experiment, we used siblings in the progeny of zygotic AB heterozygous 
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(AB+/-) mutants and the velocity of the saccades in response to the moving gradients was 

analyzed (Figure 9B). No significant differences in eye velocity were observed between 

WT, A Mut, B Mut, or AB Mut siblings. We then investigated the correlation of velocity 

and angle between the left and right eyes (Figure 9C). A reduced correlation would 

suggest strabismus, in which the eyes do not properly align with each other. No 

significant differences in angle or velocity correlation were observed between WT, A 

Mut, B Mut, and AB Mut siblings. Thus, the zygotic zFAM109A/B mutants do not 

exhibit saccadic deficits or reduced oculomotor function. However, it is possible that the 

maternal transcript is able to compensate for proper oculomotor development. This will 

need to be investigated further in maternal-zygotic zFAM109A/B mutants. 

 Although oculomotor function appears to be normal in the zygotic zFAM109A/B 

mutants, we wanted to take a closer look at the photoreceptor development in 5 dpf 

larvae. The outer segment of photoreceptors is a highly modified cilium that originates 

from a basal body located at the apical-most region of the inner segment. This is often 

referred to as the connecting cilium, and it is a critical active transport route of new outer 

segment membranes and proteins  (Kennedy & Malicki, 2009; Malicki et al., 2011). 

Endocytic mechanisms are involved in the transport of opsin proteins from the TGN to 

the base of the connecting cilium, which requires a number of proteins, including the 

small GTPases Arf4, Rab8, and Rab11. Rab8 has previously been shown to interact with 

OCRL1, and is required for fusion of the opsin carrier vesicle with the connecting cilium 
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membrane (Coon et al., 2012; Kennedy & Malicki, 2009). Once at the base of the 

connecting cilium, outer segment proteins are then transported along the ciliary axoneme 

into the photoreceptor outer segment. Disruption of the endocytic transport to the 

connecting cilium, or transport through the connecting cilium often results in 

photoreceptor defects and/or loss (Abd-El-Barr et al., 2007; Davis et al., 2007). 

Furthermore, cilia are expressed ubiquitously in vertebrate tissues, so many cilia-related 

photoreceptor defects are syndromic. Since we saw a deficit in ciliogenesis within the 

pronephros of the AB mutants, we then asked if there was a potential ciliary deficit in the 

developing photoreceptors, which would result in the degeneration of photoreceptor rods 

and/or cones. We analyzed rod and cone morphology in cryosections obtained from 5dpf 

larvae but did not observe any obvious ciliary defects or photoreceptor degeneration 

when comparing WT to the AB mutants (Figure 9D). This suggests that the cilia 

phenotype seen in our AB mutants is primarily restricted to the pronephros and there is 

no disruption in proper photoreceptor development.  
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Figure 9. Loss of zFAM109A/B has no effect on OKR or photoreceptor development. (A) A zebrafish 

larva is placed in an arena with moving black and white gratings. An infrared camera records the position 

and speed of each eye during the visual stimulation. (B) Velocity of saccades in response to moving 

gradients at various contrasts; 1.0, 0.5, 0.2, 0.1. Error=SEM. (C) Correlation in angle and velocity between 

left and right eye. Error=SEM. WT: n=34, A Mut: n=18, B Mut: n=8, AB Mut: n=10. (D) Confocal images 

of transverse cryosections obtained from 5dpf larvae. Antibodies include DAPI (blue) and acetylated -

tubulin (green). Zpr1 (red) and zpr3 (red) were used to label cones and rods, respectively. Scale bars= 50 

µm. Statistical analyses performed using two-way ANOVA with Holm Sidak’s multiple comparisons. 
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Loss of zFAM109A/B disrupts craniofacial development 

 One striking clinical feature identified in the UDP patient is her abnormal 

craniofacial development. The patient presented with coarse facial features and facial 

asymmetry. She also had shorter feet and palms, as well as dental abnormalities, 

including skeletal malocclusion. This suggests that FAM109A may play an important 

role in cartilage and bone development. Additionally, several case reports have 

documented Lowe syndrome patients with similar dental abnormalities, such as skeletal 

malocclusion, as well as an underdeveloped mandible (Bokenkamp & Ludwig, 2016). 

The similar overlap in clinical presentations suggests that the abnormal craniofacial 

development may be due to underlying endocytic deficits involving OCRL1 and 

FAM109A.  

We investigated craniofacial development in our zFAM109A/B mutants by 

performing morphometric measurements of cartilage structures in 6 dpf larvae stained 

with Alcian Blue (cartilage) and Alizarin Red (bone). A schematic of the measurements 

obtained is outlined in Figure 10A and includes the following: 1) cranial distance: the 

longitudinal length from the anterior end of the Meckel’s cartilage to the base of the fins; 

2) ceratohyal distance: the longitudinal length from the anterior end of the ceratohyal 

cartilage to the base of the fins; 3) ceratohyal length: length of the ceratohyal cartilage; 4) 

Meckel’s area: the triangular area within the Meckel’s cartilage; 5) jaw width: width of 

the jaw between the Meckel’s cartilages (same as the base of the triangular area in 



 

 

 

64 

 

 

Meckel’s area); and 6) jaw length: length of the jaw from the anterior end of the Meckel’s 

cartilage to the anterior end of the ceratohyal cartilage. WT, A mutants, B mutants, and 

AB mutants were analyzed. The B and AB mutants exhibited a striking decrease in 

overall head size and proportions, with significant differences across all morphometric 

analyses (Supplementary Figure 1). To narrow our focus, we chose to take a closer look 

at three primary measurements that provide a good indication of abnormal craniofacial 

development: 1) Cranial distance, 2) jaw width, and 3) ceratohyal length (Figure 10C-E). 

Together, those measurements provide us information in regards to the overall length and 

proportions of the head, as well as the growth of an individual cartilage structure. 

Representative ventral view images of the WT and maternal-zygotic mutants are shown 

in Figure 10B. Interestingly, the more severe craniofacial deficits were observed in the B 

mutants and the AB mutants, rather than the A mutants. This suggests that craniofacial 

development largely relies on zFAM109B and that depletion of zFAM109B affects 

multiple aspects such as cranial distance, jaw width, and ceratohyal length, whereas 

depletion of zFAM109A only significantly affects jaw width. Depletion of both FAM109 

proteins results in an additive effect, with AB mutants portraying the most severe deficits 

in craniofacial development. 
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Figure 10. Loss of zFAM109A/B disrupts craniofacial development. (A) Schematic with measurements 

analyzed: (a) cranial distance, (b) ceratohyal distance, (c) ceratohyal length, (d) Meckel’s area, (e) jaw 

width, and (f) jaw length. (B) Representative images from each genotype analyzed. Scale bars= 200 µm. 

(C-E) Analyses of craniofacial measurements, including cranial distance, jaw width, and ceratohyal length. 



 

 

 

66 

 

 

Statistical analyses performed using one-way ANOVA with Holm Sidak’s multiple comparisons. WT: 

n=11, A Mut: n=16, B Mut: n=16, AB Mut: n=16. **p<0.01, ****p<0.0001. 
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Loss of zFAM109A/B alters chondrocyte proliferation and differentiation 

  To first analyze whether the cartilage defects were associated with differences in 

either cellular morphology or organization, Alcian Blue/Alizarin Red-stained WT and 

maternal-zygotic mutants were dissected and flat-mount preparations of the jaw and 

neurocranium were analyzed. Consistent with the previous craniofacial findings, the 

neurocranium and ceratohyal cartilage was shorter in length in the B and AB mutants 

(Figure 11A-B). We examined the chondrocytes at higher magnification in the 

ceratohyal cartilage, but did not see any significant differences in chondrocyte 

morphology (Figure 11C). We then asked if differences in chondrocyte proliferation 

could account for the reduced length of cartilage structures, so we analyzed the cell count 

in the Meckel’s and ceratohyal cartilage. Indeed, there was a 20% reduction in the 

number of cells in the ceratohyal cartilage of AB mutants compared to WT. No 

significant differences in cell number was observed in the Meckel’s cartilage (Figure 

11D-E). Since there is no significant change in chondrocyte morphology and only a small 

difference in chondrocyte proliferation, this suggests that there is another underlying 

mechanism contributing to the craniofacial deficits in the B and AB mutants.  

 Next, we wanted to determine whether the craniofacial development deficits 

reflected a disruption in chondrocyte maturation. As mentioned before, various 

extracellular matrix (ECM) proteins characterize the sequential stages of chondrocyte 

maturation and type II collagen (col2a1a) serves as one of the earliest markers of 
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chondrocyte proliferation (Flanagan-Steet et al., 2016; Goldring et al., 2006). If there is a 

delay in chondrocyte maturation, we would expect to see sustained levels of an early 

chondrocyte differentiation marker (ex. col2a1a) at later stages of development. To test 

this, immunostaining for type II collagen was performed in WT and maternal-zygotic 

mutant animals at 5dpf (Figure 11F). The B and AB mutants exhibited a striking 

increase in col2a1a compared to WT controls, while the A mutants did not appear to 

differ. This is consistent with our morphometric analyses, in which B and AB mutants 

exhibited a more severe deficit in overall craniofacial development compared to A 

mutants.  
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Figure 11. Depletion of zFAM109A/B disrupts chondrocyte proliferation and maturation. (A) Flat-

mount preparations of neurocranium. Scale bar=100 µm. (B) Flat-mount preparations of jaw. Scale bar= 

100 µm. (C) Ceratohyal cartilage at 20x magnification. Scale bar= 50 µm. (D) Chondrocyte number 

quantification in Meckel’s cartilage. (E) Chondrocyte number quantification in ceratohyal cartilage. 

Statistical analyses performed using one-way ANOVA with Holm Sidak’s multiple comparisons. n=3-4 

animals per genotype. *p<0.05. (F) Top panel: Ventral view of 5dpf larvae immunostained for type II 

collagen (green). Nuclei are labeled with DAPI (blue). Scale bar= 100 µm. Bottom panel: Higher 

magnification of corresponding Meckel’s cartilage. Scale bar= 25 µm. (G) Quantification of mean 

fluorescence intensity in the Meckel’s cartilage. (H) Quantification of mean fluorescence intensity in the 

Meckel’s cartilage. Statistical analyses performed using one-way ANOVA with Holm Sidak’s multiple 

comparisons. n=10 animals per genotype. *p<0.05, ***p<0.001, ****p<0.0001. 
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zFAM109AR6C exerts a dominant-negative effect on craniofacial development  

  The UDP patient’s disease could be due to FAM109A haploinsufficiency or 

dominant-negative effects of the R6C allele. If zFAM109AR6C was non-functional or 

partly functional, then ectopic expression of zFAM109AR6C should have no effect or 

partially improve craniofacial development. However, if zFAM109AR6C was dominant-

negative, then ectopic expression of zFAM109AR6C should worsen craniofacial 

development. Thus, we generated two zebrafish transgenic lines, one that ubiquitously 

expressed an EGFP-zFAM109AR6C fusion protein [Tg(R6C)], and another that expressed 

EGFP fused with WT zFAM109A [Tg(WT)] (Figure 12A). Confocal imaging confirmed 

broad expression of Tg(R6C) and Tg(WT). (Figure 12B).  

To mimic the genetic background of the UDP patient, which is heterozygous for 

the R6C allele, we analyzed the effects of Tg(R6C) and Tg(WT) in the A heterozygous 

(A+/-) background. We also analyzed the effects of Tg(R6C) and Tg(WT) in the A 

homozygous (A-/-) background to test whether there could be an effect on zFAM109B in 

the absence of zFAM109A. Morphometric analyses revealed no significant effect on 

cranial distance or ceratohyal length in the A+/-; Tg(R6C) and A-/-; Tg(R6C) mutants when 

compared to A+/- and A-/- controls lacking zFAM109AR6C expression, respectively 

(Supplementary Figure 2). However, in the partial and complete absence of 

zFAM109A, zFAM109AR6C exacerbated the jaw width defect (Figure 12C-D). 
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Additionally, no significant differences were observed in the morphometric analyses of 

A+/-; Tg(WT) and A-/-; Tg(WT) mutants. This served as an additional control to confirm 

that the EGFP-fusion protein did not produce any off-target effects. Thus, our results 

suggest that zFAM109AR6C exerts a dominant-negative effect.  

In conclusion, zFAM109AR6C only impacted the craniofacial morphometrics that 

are affected by the loss of both A and B (jaw width), but not the morphometrics that are 

only affected by the loss of B (cranial distance and ceratohyal length). This suggests that 

zFAM109AR6C has a relatively limited capacity to interfere with zFAM109B function.  
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Figure 12. zFAM109AR6C exerts a dominant-negative effect on craniofacial development in the 

partial or complete absence of zFAM109A. (A) Generation of Tg(R6C) and Tg(WT) transgenic lines. (B) 

Confocal images showing broad expression of zFAM109AWT and zFAM109AR6C in transverse cryosections 

of 3dpf larvae (indicated in green with anti-GFP). An EGFP-negative control is also shown for comparison. 

DAPI was used as a nuclear stain (blue). (C) Jaw width in the A heterozygous (A+/-) background. (D) Jaw 

width in the A homozygous (A-/-) background. Statistical analyses performed using one-way ANOVA with 

Holm Sidak’s multiple comparisons. n=15-16 animals per category. ***p<0.001, ****p<0.0001. 
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IV. DISCUSSION 

The in vivo mechanisms underlying endocytic diseases remain poorly understood, 

partly because the majority of studies have only been conducted in vitro, and there 

remains a diverse array of endocytic adaptor proteins to be investigated. In this study, 

we present a novel in vivo investigation into the physiological functions of the 

OCRL1 adaptor protein, FAM109A. We found that genetic deletion of zFAM109A 

and its close homolog, zFAM109B, in our zebrafish models disrupted fluid-phase 

endocytosis as well as ciliogenesis in the pronephros. The fluid-phase endocytosis 

phenotype was exacerbated further after a partial knockdown of OCRL1 in our AB 

mutants, suggesting that zFAM109A/B and OCRL1 are linked in a common 

endocytic pathway. Furthermore, we observed shorter and fewer cilia in the 

pronephros of the AB mutants, confirming that the FAM109 proteins play an 

important role in ciliogenesis.  

We then sought to elucidate the pathogenesis of a patient, in which a de novo 

arginine to cysteine (R6C) mutation was identified through the NIH’s Undiagnosed 

Diseases Program. The UDP patient suffers from a long list of clinical symptoms (as 

outlined in Table 1); thus we chose to focus on some of her most predominant 

phenotypes, including visuomotor function and craniofacial development. We find 

that depletion of zFAM109A and zFAM109B has no effect on visuomotor function, 

but this may be due to the fact that only zygotic animals were analyzed in this 
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particular experiment. It is possible that a more severe visuomotor deficit will be seen 

in the maternal-zygotic mutants. Our most interesting finding was the disruption of 

proper craniofacial development, particularly in our B and AB mutants. This seems to 

be due to the disruption of proper chondrocyte maturation. Additionally, the 

transgenic expression of the mutant zFAM109AR6C allele exacerbated craniofacial 

development in A mutants, suggesting that this mutant allele exerts a dominant-

negative function. Although much remains to be investigated in regards to the 

underlying mechanisms of the UDP patient’s disease, this serves as promising 

evidence that the R6C allele is causative for a subset of the patient’s clinical 

symptoms. In conclusion, our results provide the first evidence that FAM109A does 

play an important role in endocytosis in vivo, most likely through its interactions with 

OCRL1. Additionally, we provide novel insight into the potential pathogenic 

mechanisms of a rare disease identified in a patient through the NIH’s Undiagnosed 

Diseases Program, with the hopes that this will assist in identifying therapeutic targets 

for the UDP patient.  

The role of zFAM109A and zFAM109B in fluid-phase endocytosis and ciliogenesis 

 Interestingly, we only observe a deficit in fluid-phase endocytosis in our AB 

mutants, which suggests two things: 1) the maternal inheritance of both zFAM109A and 

zFAM109B is required for proper development and 2) zFAM109B appears to have 

redundant functions with zFAM109A in our zebrafish model. The deficit in fluid-phase 
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endocytosis was only seen after injection with 10kDa dextran, but not 70kDa dextran 

(data not shown), suggesting that the zFAM109 proteins are predominantly involved with 

micropinocytosis of smaller substrates. Moreover, no endocytic deficit was observed with 

the injection of RAP, a ligand for zebrafish megalin and a marker for receptor-mediated 

endocytosis (Anzenberger et al., 2006). These findings are different from that of the ocrl-

/- zebrafish mutants, in which they exhibited a drastic reduction in the uptake of both 

10kDa dextran and RAP. ocrl morphants also had a large reduction in 70kDa dextran 

uptake, which indicates that depletion of OCRL1 disrupts fluid-phase endocytosis (both 

micro- and macropinocytosis) and receptor-mediated endocytosis (Oltrabella et al., 

2015). The disruption in receptor-mediated endocytosis was confirmed by reduced 

megalin abundance and altered megalin subcellular localization in the ocrl-/- zebrafish 

mutants. Partial knockdown of ocrl in our AB mutants exacerbates the fluid-phase 

endocytic deficit, confirming that the zFAM109A/B and OCRL1 function in a common 

endocytic pathway. However, since the AB mutants do not exhibit as severe of an 

endocytic phenotype as the OCRL1-deficient larvae, this indicates that zFAM109A and 

zFAM109B are only required for a subset of OCRL1’s functions in vivo, as expected 

since it is an OCRL1 adaptor protein. 

Moreover, like that of the OCRL1-deficient larvae, our AB mutants do show 

fewer and shorter cilia, particularly in the posterior pronephros, suggesting that 

zFAM109A/B and OCRL1 are also closely linked in the endocytic mechanisms that 
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regulate ciliogenesis. It is important to note that this mild ciliogenesis defect in both AB 

and ocrl-/- mutants cannot account for the observed impairment of endocytosis. As 

outlined by Oltrabella et al., 2015, we have several lines of evidence indicating that 

impaired ciliary function does not have downstream effects on endocytosis in the AB 

mutants. First, unabsorbed fluorescent dextran is normally excreted from the cloacae in 

the AB mutants, indicating that there is no impairment of fluid flow within the 

pronephros. This excretion can be seen shortly after injection of the fluorescent tracer in 

the CCV. Second, we do not see the development of renal cysts in any of our A, B, and 

AB mutants, which is consistent with normal fluid flow. Further support comes from the 

observation that the zebrafish cilia mutant double bubble can endocytose dextran 

normally, and this mutant has a more severe ciliogenesis defect compared to OCRL-

deficient animals and AB mutants (Drummond et al., 1998; Liu et al., 2007; Oltrabella et 

al., 2015). Our results indicate that ciliogenesis is disrupted upon depletion of both 

zFAM109A and zFAM109B in a manner very similar to the ocrl-/- mutants, and that the 

disruption of fluid-phase endocytosis in the AB mutants is not a downstream 

consequence of ciliary defects in the pronephros.  

 Lastly, the depletion of OCRL1 has been shown to result in a reduction in the 

number of early endocytic vacuoles and an enlargement of vacuolar endosomes, in both 

cells and the zebrafish mutant model (Oltrabella et al., 2015; Vicinanza et al., 2011). 

Lysosomal enlargement is also observed in OCRL1-depleted cells, in proximal tubule 
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kidney cells (PTCs) of Lowe syndrome patients, and in the proximal pronephric tubule of 

ocrl-/- zebrafish mutants (De Leo et al., 2016). Thus, it would be interesting to analyze 

endosomal morphology in both our zebrafish mutant models, as well as PTCs of the UDP 

patient to determine if loss of FAM109A also affects endosomal morphology and 

endocytic flux. The tripartite OCRL1/FAM109A/PACSIN2 complex has been shown to 

play an important role in stimulating the membrane curvature-sensitive OCRL1 5-

phosphatase activity and thus regulating PI(4,5)P2 homeostasis on endomembranes. Both 

CIMPR trafficking and cytokinesis is impaired when the OCRL1-FAM109A interaction 

is disrupted or when PACSIN2 is depleted (Billcliff et al., 2016; Carim et al., 2019). Only 

zFAM109A, not zFAM109B, contains the proline-rich motif for PACSIN2 interaction, so 

a more severe deficit in endocytosis may be observed when PACSIN2 is also depleted in 

our A mutants. This would provide in vivo evidence of FAM109A and PACSIN2 

interaction. Since FAM109A has primarily been identified as an adaptor protein, it is 

possible that other endocytic adaptor proteins are able to compensate for loss of 

FAM109A function in vivo. Further investigation with in vivo models are required to 

better understand the limitations of FAM109A and determine the compensatory 

mechanisms that may occur with FAM109A depletion.  
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A novel role for zFAM109A and zFAM109B in craniofacial development 

 We identified a novel role for zFAM109A and zFAM109B in zebrafish 

craniofacial development. Interestingly, craniofacial development appeared to rely more 

on zFAM109B, but depletion of both proteins resulted in an additive effect in our AB 

mutants, indicating that zFAM109A plays a small role as well. Further investigation will 

be required to determine what cellular and molecular processes are disrupted in 

craniofacial development after zFAM109A/B depletion. We had previously mentioned 

that the process of cartilage and bone development depends on the coordinated action of 

multiple growth factor pathways, particularly the transition between TGF-- and BMP-

activated signals (Figure 3). During chondrocyte maturation, there is a decline in TGF--

signaling, and thus a decrease in Smad2/3 and Sox9 transcriptional regulators. This is 

matched with an increase in BMP-signaling, which activates Smad1/5/8 and Runx2 

transcription factors. At the same time, there is a coordinated change in the ECM protein 

composition as the chondrocytes mature. Since we see increased levels of type II collagen 

expression in our B and AB mutants, the next step would be to determine if there is a 

sustained upregulation in the sox9a transcription factor at later stages. We can also 

analyze the ratio of Smad2,3 to Smad1,5,8 to see if the ratio is altered in our B and AB 

mutants, such that it favors the earlier stages of chondrogenesis.  

  Additionally, preliminary studies indicate that the levels of cathepsin K (Ctsk) is 

increased in our zebrafish mutants, particularly the B mutants. This finding is consistent 
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with in vitro studies, in which depletion of FAM109B results in hypersecretion of pro-

cathepsin D due to impaired CIMPR trafficking, while loss of FAM109A has a smaller 

effect (Noakes et al., 2011). Thus, it would be interesting to see if pharmacological 

inhibition of cathepsin K, or multiple cathepsin proteases, rescues the craniofacial 

phenotype observed in B and AB mutants. We hypothesize that disruption of 

zFAM109A/B in vivo disrupts proper sorting and targeting of lysosomal proteases, 

particularly cathepsin proteases, such that there is increased hypersecretion of pro-

cathepsins, which then releases TGF- from its latent state. Sustained TGF- activation 

then results in sustained expression of early chondrogenic factors, such that chondrocyte 

maturation is impaired in the AB mutants.  

 

Investigating the pathogenesis of the UDP patient’s disease 

 To further our understanding of the pathogenesis of the UDP patient’s disease, we 

investigated the effects of zFAM109AR6C. We found that the R6C allele exerts a 

dominant-negative effect in craniofacial development. However, not all the patient 

phenotypes have been analyzed in detail in our zebrafish mutant models, so we cannot 

yet state that the mutant R6C allele is causative for all aspects of the patient disease. 

 It is important to note here that the UDP patient was identified with three other de 

novo mutations after we had already begun our investigation into FAM109A. They are as 

follows: 



 

 

 

82 

 

 

1) DNAJB5 (DnaJ heat shock protein family (Hsp40) member B5; NM_001135004: 

p.R419H). This variant has inconsistent predictions with SIFT and Polyphen, and occurs 

in a moderately conserved amino acid, so it is unlikely that this is the causative mutation 

of the UDP patient’s disease.    

2) UPP1 (Uridine phosphorylase 1; NM_003364:p.I117V). This UPP1 variant is seen in 

12 normal individuals and is predicted benign by SIFT and Polyphen, so it is unlikely to 

be pathogenic. Additionally, there are several variants in the same exon that exist in the 

general population. 

3) PHF6 (Plant homeodomain (PHD)-like finger protein 6; NM_001015877.1: 

p.Leu244del). This leads to an in-frame deletion and it has been confirmed that there is 

no splicing defect. Pathogenic contribution from this mutation cannot be ruled out.  

 Mutations in PHF6 have been implicated in Borjeson-Forssman-Lehmann 

syndrome (BFLS), a rare X-linked recessive intellectual disability (ID) disorder. This 

syndrome predominantly affects males and is characterized by variable intellectual 

disability, epilepsy, hypogonadism, pronounced obesity, craniofacial defects, and 

skeletal/limb abnormalities (brachyclinodactyly, hypoplastic nails). Often female carriers 

are not affected, but females with skewed X-inactivation and mutations in PHF6 have 

been diagnosed with BFLS (Zweier et al., 2013). The UDP patient does not present with 

the severe phenotypes found in females affected with BFLS, but mutations in PHF6 and 

FAM109A may both contribute to the UDP patient’s disease.   
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In conclusion, it is possible that our UDP patient may have more than one gene 

responsible for her clinical phenotype. Further studies will need to be conducted in 

patient fibroblasts to support our hypothesis that the R6C mutation is dominant negative.  

 

Overall clinical and translational implications 

 Our findings indicate that FAM109A does play an important role as an endocytic 

adaptor protein in vivo. However, the phenotypes we see in our zebrafish models are not 

as severe as that of the ocrl-/- zebrafish mutants, suggesting that other adaptor proteins 

may be able to compensate for the loss of FAM109A. This provides another small piece 

of the puzzle in the investigation of protein-protein interactions that occur during 

endocytosis, particularly the interactions involving OCRL1. Further studies of endocytic 

adaptor proteins, and FAM109A’s interaction with PACSIN2 in vivo, may help identify 

potential therapeutic targets when endocytic flux is impaired. Moreover, our findings 

with the zFAM109AR6C mutation suggest that this could be a dominant negative mutation 

in the UDP patient. If that is the case, then gene editing with CRISPR would serve as a 

promising therapeutic approach for the UDP patient, in which the R6C mutation could be 

targeted and deleted. 
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V. SUMMARY 

 

In summary, the current study provides a novel understanding of the role of 

FAM109A in vivo. The key findings of the study include: 1) Characterization of 

zFAM109A and zFAM109B zebrafish mutant models, 2) loss of zFAM109A and 

zFAM109B disrupt fluid-phase endocytosis and this is exacerbated further with 

partial ocrl knockdown, 3) loss of zFAM109A and zFAM109B affect ciliogenesis in 

the pronephros of developing zebrafish larvae, 4) characterization of a de novo 

arginine (R) to cysteine (C) mutation in human FAM109A, 5) loss of zFAM109A and 

zFAM109B disrupts proper craniofacial development, due to delayed chrondrocyte 

maturation, and 6) the R6C mutation in FAM109A potentially serves as a dominant-

negative mutation. Taken together, the results provide further insight into the role of 

FAM109A, an important endocytic adaptor protein, in vivo and the effects of its 

mutation in human disease.   
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Supplementary Figure 1  

 

Supplementary Figure 1. Morphometric measurements of craniofacial development in WT, A Mut, B 

Mut, and AB Mut. (A) Cranial distance. (B) Ceratohyal distance. (C) Ceratohyal length. (D) Meckel’s 

area. (E) Jaw width. (F) Jaw length. Error=SEM. Statistical analyses performed using one-way ANOVA 

with Holm Sidak’s multiple comparisons. WT: n=11, A Mut: n=16, B Mut: n=16, AB Mut: n=16. *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. 
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Supplementary Figure 2 

  

 

Supplementary Figure 2. Effect of Tg(WT) and Tg(R6C) on cranial distance and ceratohyal length. 

(A) Cranial distance in both in the A heterozygous (A+/-) background and A homozygous (A-/-) background. 

(B) Ceratohyal length in both in the A heterozygous (A+/-) background and the A homozygous (A-/-) 

background. Statistical analyses performed using one-way ANOVA with Holm Sidak’s multiple 

comparisons. n=15-16 animals per category.  
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Abbreviations 

ADPKD: autosomal dominant polycystic kidney disease 

ARF6: ADP-ribosylation factor 6 

AP1: adaptor protein 1 

AP2: adaptor protein 2 

APPL1: adaptor protein containing PH domain, PTB domain, and leucine zipper motif 1 

ASH: ASPM, SPD2, and Hydin 

BAR: Bin-amphiphysin-Rvs161/167 

BFLS: Borjeson-Forssman-Lehmann syndrome 

BMP: bone morphogenetic protein 

COBALT: constraint-based multiple alignment tool 

CCV: clathrin-coated vesicles 

CCV: common cardinal vein 

CD2AP: CD2 associated protein 

CIMPR: cation-independent mannose 6-phosphate receptor 

CMT: Charcot-Marie-Tooth 

CMT2B: Charcot-Marie-Tooth type 2B 

CRISPR: clusters of regularly interspaced short palindromic repeats 

DNAJB5: DnaJ heat shock protein family (Hsp40) member B5 

DNM2: dynamin 2 

ECM: extracellular matrix 

EEA1: early endosomal antigen 1 

EGFP: enhanced green fluorescent protein 

F&H motif: phenylalanine-histidine motif 

FYVE: Fab1, YOTB, Vac1, and EEA1 
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GNPTAB: GlcNAc-1-Phosphotransferase Subunits Alpha/Beta 

INPP5B: inositol polyphosphate-5-phosphatase B 

INPP5E: inositol polyphosphate-5-phosphatase E 

IPIP27A/B: inositol polyphosphate phosphatase interacting protein of 27 kDa A/B 

KO: knock-out 

LAMP1: lysosomal-associated membrane protein 1 

LDL: low density lipoprotein 

LMCS3: Lethal muscle contractural syndrome type 3 

MLII: mucolipidosis type II 

MMP: metalloproteinases 

MO: morpholino 

MORM: Mental retardation, truncal obesity, retinal dystrophy and micropenis 

MPS: mucopolysaccharidoses 

MTM1: myotubularian 1 

MTMR2: myotubularin-related 2 

OCRL1: Oculocerebrorenal syndrome of Lowe protein 1 

OKR: optokinetic response 

PACSIN2: Protein kinase C and casein kinase substrate in neurons 2 

PH: pleckstrin homology 

PHETA1: PH domain containing endocytic trafficking adaptor 1 

PHF6: plant homeodomain (PHD)-like finger protein 6 

PI: phosphatidylinositol lipid 

PI3K: phosphoinositide 3-kinase 

PIP4K/PIP5K: phosphatidylinositol 4-kinase/5-kinase 

PTC: proximal tubule kidney cells 
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PTEN: Phosphatase and Tensin homolog 

PX: phox homology 

RAP: receptor-associated protein 

Ses1/2: Sesquipedalian-1/2 

SH3: SRC homology 3 

SHIP1: Src homology 2-containing inositol polyphosphatase 

SYNJ: synaptojanin 

TfR: transferrin  

TGF-: transforming growth factor beta 

TGN: trans-Golgi network 

TMEM55A/TMEM55B: transmembrane protein 55 

UDP: Undiagnosed Diseases Program 

UPP1: uridine phosphorylase 1 
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