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1 Introduction 

Defects in any ocular cell-type can cause various eye diseases, leading to visual impairment 

and, ultimately, blindness. These visual impairments have a reportedly higher prevalence in 

the ageing society, i.e., 6.24/1000 people aged 50–54 years and 68.6/1000 people aged 90–

94 years, were blind in 2020 (Bourne et al., 2021). In 2020, the ‘Vision Loss Expert Group of 

the Global Burden of Disease Study’ estimated 295 million people to have moderate to se-

vere visual impairments, including retinal diseases such as age-related macular degenera-

tion (AMD), glaucoma and diabetic retinopathy. Approximately 43.3 million people world-

wide were estimated to suffer from blindness, whereas due to population growth the num-

ber of blind people could increase to up to 61.0 million by 2050 (Bourne et al., 2021). A vast 

number of these retinal diseases are inherited and are associated with retinal degeneration, 

making the retina one of the most important tissues in the eye. Retinal degeneration and 

subsequent visual impairment is the most common phenotype associated with dysfunc-

tional primary cilia; a small appendage-like organelle found in almost every vertebrate cell 

that is responsible for signaling (Waters and Beales, 2011; May-Simera, Nagel-Wolfrum and 

Wolfrum, 2017). As the eye is composed of a variety of ciliated cell types, it is not surprising 

that more than 100 genes have been associated with retinal dystrophies encode proteins, 

which localize to the cilium and/or the basal body (Sánchez-Bellver, Toulis and Marfany, 

2021). Thus far, most research on retinal degeneration associated with ciliary dysfunction 

focuses on the neural retina of the eye. This is because the retina contains a highly special-

ized primary cilium in the photoreceptor (PR) cells (see 1.2.1). However, the eye also con-

tains other ciliated tissues and cell types, such as the cornea and the ciliary body among 

others. One of the most important, especially for the health of the retina, is the retinal pig-

ment epithelium (RPE). The RPE has close contact to the retina and RPE cells engulf the 

outer segments of the photoreceptor making the RPE essential for retinal health (May-

Simera, Nagel-Wolfrum and Wolfrum, 2017). Previous studies could show that RPE matura-

tion defects precede photoreceptor degeneration (May-Simera et al., 2018). However, how 

defects of the RPE affects retinal health and contributes to retinal degeneration has not yet 

been comprehensively studied and is therefore the overarching aim of this thesis. 

1.1 Anatomy and physiology of the mammalian eye 

The vertebrate eye can be divided into three layers: The outer layer, middle layer, and an 

inner layer. The outer layer consists of the cornea and the sclera. The cornea’s purpose is 

to refract and transmit light to the lens and the retina at the back of the eye. Furthermore, 
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it protects the eye against in-

fections and structural dam-

age. The sclera, which forms a 

connective tissue coat to pro-

tect the eyeball, is responsi-

ble for maintaining the eye-

ball’s shape.  

The corneal limbus connects 

those two structures. The 

middle layer is composed of 

the iris, ciliary body, and the 

choroid. By controlling the 

size of the pupil, the iris regu-

lates the amount of light 

reaching the retina. The cili-

ary body is responsible for accommodation and aqueous humor production. The choroid is 

the vascularized layer, located between the sclera and the retina, providing oxygen and nu-

trients to the outer retinal layers. The inner layer is a complex layered structure of neuronal 

cells, known as the retina. The retina, where the light sensitive photoreceptors are located, 

is the place where light is captured and processed. For retinal health, the RPE, which com-

prised of highly polarized, pigmented epithelial cells, is indispensable. The RPE cells have a 

close functional interaction with the photoreceptor cells of the retina, enabling the RPE to 

fulfill a variety of important functions to maintain the retinal health and thus, visual function 

(Figure 1; see also 1.2.2) (Strauss, 2005; Willoughby et al., 2010; Wright et al., 2010). 

1.2 Retina and RPE – A functional unit 

Inherited retinal dystrophies (IRD) are a group of diseases associated with retinal degener-

ation and visual impairment, making the retina the most important tissue to examine. How-

ever, since the retina and the RPE are seen as a “functional unit” and numerous IRD causing 

genes are primary cilia related, the RPE should not be left out of consideration (Waters and 

Beales, 2011; May-Simera, Nagel-Wolfrum and Wolfrum, 2017). 

 Retina 

The unique organization of the vertebrate retina, which makes up the inner layer of the eye 

and surrounds the vitreous, is well-orchestrated for capturing and processing of visual sig-

nals. During embryogenesis, the retina emerges from the inner wall of the optic cup, while 

the outer wall from the optic cup becomes the RPE. This incident leads to the fact that both 

Figure 1: Schematic representation of the human eye.  
Light enters the front part of the eye through the cornea and is trans-
mitted through the pupil, lens, and vitreous cavity to the light-sensitive 
retina at the back of the eye. The sclera forms a connective tissue to 
protect the eyeball. The optic nerve, constituted by the axons coming 
from the retinal ganglion cells, transmits the visual signals to the brain. 
The proportions are sketchy and not to scale. Adapted from Wright et 
al., 2010. 
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the retina and the RPE being considered together as a functional unit, and without their 

close interconnection, visual function is impaired (Willoughby et al., 2010; Wright et al., 

2010). 

The retina is composed of six classes of neurons: (I) photoreceptors, (II) bipolar cells, (III) 

horizontal cells, (IV) amacrine cells, (V) ganglion cells, and (VI) Müllerian glia. While the lat-

ter functions as a supportive organizational backbone of the retina, the photoreceptors are 

responsible for capturing and processing the visual signals. Furthermore, the bipolar cells, 

amacrine cells, horizontal cells, and the Müllerian glia cells process the visual signals gener-

ated by the photoreceptors, ultimately transmitting them through the optic nerve to the 

brain (Willoughby et al., 2010; Wright et al., 2010). All these cells are arranged in parallel 

and form different layers of the retina: outer segments (OS), inner segments (IS), outer nu-

clear layer (ONL), outer plexiform layer (OPL), inner nuclear layer (INL), inner plexiform layer 

(IPL), ganglion cell layer (GCL), 

and optic nerve (ON). While the 

nuclei of the photoreceptors are 

located in the ONL, the photore-

ceptors connect with bipolar and 

horizontal cells in the OPL. The 

plexiform layers OPL and IPL are 

located around the INL, which is 

comprised of the nuclei of the 

Müllerian glia, the bipolar cells, 

the amacrine, and the horizontal 

cells. In the IPL, the bipolar and 

amacrine cells connect with gan-

glion cells (Figure 2). The nuclei of 

the ganglion cells lie in the GCL, 

whereas their axons lie in the ON 

(Willoughby et al., 2010). 

1.2.1.1 Photoreceptor 

The photoreceptor (PR) cells of the neural retina are the only cell-type in the mammalian 

body able to capture light and, contain a specialized primary cilium. With their unique struc-

ture and functions, the highly light-sensitive PR are the place where visual phototransduc-

tion takes place. Their chemical output is processed by the interneurons (bipolar cells, hor-

izontal cells and amacrine cells) and transmitted to the visual cortex by ganglion cells. PR 

cells consist of four components: the outer segment (OS; POS) and the inner segment (IS), 

Figure 2: Schematic representation of the retinal layers and a pho-
toreceptor. Cross-section through the retina, which consists of nu-
merous cell layers composed of different cell types. The specialized 
primary cilium of the photoreceptor (PR) is highlighted. Number of 
different cell types is not proportionally representative. RPE: retinal 
pigment epithelium; OS: outer segment; IS: inner segment; OLM: 
outer limiting membrane; ONL: outer nuclear layer; OPL: outer plex-
iform layer; INL: inner nuclear layer; IPL: inner plexiform layer; GCL: 
ganglion cell layer; CC: connecting cilium; ST: synaptic terminal. 
May-Simera et al., 2017.  
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connected by the connect-

ing cilium (CC) and a syn-

aptic terminal (ST) (Figure 

2). The CC, corresponding 

to the transition zone of a 

primary cilium, and the 

POS form a highly modi-

fied primary cilium (May-

Simera, Nagel-Wolfrum 

and Wolfrum, 2017) 

(Figure 3). The POS are 

tightly packed with the 

rhodopsin-encompassing 

discs, which are damaged 

by photo-oxidative en-

ergy. Consequently, the 

PR shed the ends of the 

POS that are phagocy-

tosed by the RPE. How-

ever, to maintain visual function, die POS must be renewed constantly. Since the cellular 

machinery for protein and lipid biosynthesis is located in the IS, all required components for 

POS morphogenesis, maintenance and their sensory function must be transported to the 

POS. To enable this transport between the POS and IS, the specialized cilium of the PR and 

its transport machinery, known as intraflagellar transport (IFT), are indispensable (Chuang, 

Zhao and Sung, 2007; Fliegauf, Benzing and Omran, 2007; Wright et al., 2010; Ishikawa and 

Marshall, 2011; May-Simera, Nagel-Wolfrum and Wolfrum, 2017).  

One of the reasons for the importance of primary cilia for the retina and therefore vision is 

that at least 53 out of 158 of the identified genes associated with retinal dystrophies encode 

proteins, which localize to the cilium and/or the basal body, and vice versa, mutations in 

more than 100 ciliary genes have been associated with retinal dystrophies (Estrada-Cuzcano 

et al., 2012; Sánchez-Bellver, Toulis and Marfany, 2021). Due to its numerous functions, the 

RPE is indispensable for health and maintenance of the retina, and a defect in one of these 

tissues affects the other. This leads to the fact that both are considered as a functional unit. 

 Retinal pigment epithelium 

The RPE is a monolayer of pigmented epithelial cells, which intercalates between the pho-

toreceptors and the choriocapillaris. The RPE cells form long apical microvilli, which engulf 

Figure 3: Schematic comparison of a photoreceptor and a primary cilium.  
The rough structure of a primary cilium (right) and a photoreceptor outer 
segment (left, middle). The OS comprises the axoneme, while the connecting 
cilium can be seen analogously with the transition zone of the primary cilium. 
Adapted from May-Simera et al., 2017. 
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the POS. The basolateral membrane of the RPE faces the Bruch’s membrane, which            

separates the RPE from the choriocapillaris (Strauss, 2005; Willoughby et al., 2010). With its 

numerous functions, which are explained further below, the RPE is indispensable for 

maintenance and health of the retina (Figure 4). As part of the blood-retina barrier, it is 

responsible for exchange of substances. From the subretinal space, the RPE transports ions, 

water, and metabolic end-products to the blood. In turn, it takes up nutrients (i.e., glucose, 

retinol) and transports it to the photoreceptors. Furthermore, the RPE is responsible for the 

visual cycle of retinal. As photoreceptors are not capable to re-isomerize all-trans-retinal 

into 11-cis-retinal, the RPE takes over this function. This is important to maintain the excit-

ability of the photoreceptors – the basic prerequisite for visual function. Phagocytosis of 

shed POS is another important function of RPE cells. The RPE digests the POS and repro-

cesses essential substances, which then are transported back into the PR. Thus, new POS 

can be built. Due to its melanin pigmentation, the RPE absorbs incident light energy, which 

is focused by the lens on the retina (Strauss, 2005). 

1.2.2.1 Absorption of light 

Incident light is focused onto the macula lutea by the lens. This pools photo-oxidative en-

ergy in the retina. Due to its melanin pigmentation, the RPE is capable of absorbing scat-

tered light. Concentrated photo-oxidative energy in the retina leads to a damage of the POS, 

which then must be renewed. RPE cells accomplish this by phagocytosis of the destroyed 

Figure 4: Schematic representation of the major functions of the RPE.  
By intercalating between the retina and the choroid, the RPE performs functions essential to the health and 
maintenance of the retina, which are: light absorption, epithelial transport, spatial ion buffering, visual cycle, 
phagocytosis and secretion. PEDF: pigment epithelium-derived growth factor; VEGF: vascular epithelium growth 
factor. Adapted from Strauss, 2005. 
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POS. However, RPE cells must be resistant against free radicals, photo-oxidative exposure, 

and light energy. Light-dark cycle-dependent movement of melanosomes, antioxidants, and 

repair mechanism of damaged molecules achieves this (Strauss, 2005). 

1.2.2.2 Epithelial transport 

With its location between the choroid and the POS, the RPE forms with its many lateral 

tight-junctions a blood-retina barrier. This blood-retina barrier is essential for protection of 

from influences coming from the blood through epithelial transport. This epithelial 

transport includes supply of nutrients to the photoreceptors, removal of water and metab-

olites from the retina, as well as control of the ion homeostasis in the subretinal space. 

Furthermore, the blood-retina barrier is important for immune reactions of the eye. Photo-

receptors are dependent on a constant supply of metabolites, such as glucose, retinal, and 

ω-3 fatty acids. Those metabolites are taken up from the blood by the RPE and transferred 

to the PR. Furthermore, the RPE has to transfer water, ions and metabolic end products 

from the retina towards the blood. Due to its high density, the retina has a high metabolic 

rate. The high metabolic activity results in accumulation of metabolic water in the retina, as 

well as in the production of lactic acid. All these substances have to be transferred out of 

the retina. Water is transported out from the subretinal space by the RPE cells via a Cl--

dependent active transport. This Cl--dependent transport is in turn driven by a Na+/K+-

ATPase. RPE cells remove a large amount of lactic acid via the mono-carboxylate trans-

porter-1 (MCT-1) and the mono-carboxylate transporter-3 (MCT-3) (Strauss, 2005). 

1.2.2.3 Glia/buffering of ions / homeostasis of the subretinal space 

Due to other cell types in the retina, changes in the subretinal space can occur very quickly. 

To maintain signal transduction of visual information, the RPE has to compensate these 

changes rapidly. To obtain proper compensation, fast epithelial transport is needed. There-

fore, the PRE has voltage-dependent ion channels. In dark conditions, the cGMP-dependent 

cation channels of the POS are open and Na+ and Ca2+ enter the PR. This influx is counter-

balanced by an outflow of K+. When light excites the PR, the cGMP-dependent channels 

close and less K+ streams out. Additionally, Na+/K+-ATPase takes up K+ back into the PS re-

sulting in a. 2.5-fold lower K+-concentration in the subretinal space. With its apical mem-

brane, which is dominated by K+ conductance, the RPE compensates this (Strauss, 2005). 

1.2.2.4 Visual cycle 

The visual cycle is essential for maintaining visual functions. This does not only happen in 

the RPE, but also further in the discs of the POS. Absorption of a photon by rhodopsin leads 

to an isomerization of its chromophore, 11-cis retinal into all-trans retinal. Subsequently, 
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all-trans retinal conjugated with phosphatidylethanolamine is transported to the cytosolic 

space by an ATP-binding cassette protein (ABCA4 or ABCR). In the cytoplasm, a membrane 

bound retinol-dehydrogenase reduces all-trans retinal to all-trans retinol. All-trans retinol 

is transported into the subretinal space where it is loaded to an interstitial retinol binding 

protein (IRBP), and afterwards transported into the RPE. In the RPE all-trans retinol is trans-

ferred to the cellular retinol binding protein (CRBP) and delivered to a protein complex com-

posed to Lecithin-Retinol-Acyltransferase (LRAT), Retinal pigment epithelium-specific 65 

kDa protein (RPE65), 11-cis-retinol dehydrogenase (RDH5) and cellular retinaldehyde-bind-

ing protein (CRALBP). This protein complex catalyzes the reaction from all-trans retinol to 

11-cis retinal: “esterification of retinol by adding an acyl group (LRAT), re-isomerization us-

ing the energy from ester-hydrolysis (RPE65) and oxidation (RDH5)” (Strauss, 2005). CRALBP 

accelerates this reaction and binds 11-cis retinal to release it afterwards to IRBP which 

transports it back to the photoreceptors. The photoreceptor is able to be activated again by 

light excitation. 

The visual cycle has to be adapted to different conditions such as vision in darkness or light. 

Therefore, the storage of retinal and the adaption of the reaction speed of the visual cycle 

are important. Vision in darkness requires a lower turnover rate of the visual cycle com-

pared to vision in light. Whereas, in fast transition from dark into light a large amount of 11-

cis retinal is required. This amount of 11-cis retinal is provided by various retinal pools of 

retinal binding proteins. The amount of 11-cis retinal in the rod outer segments is the first 

pool. After reduction of the level of the first pool, refilling is started by uptake from the IRBP 

in the subretinal space, which forms the second pool. CRALBP refills the second pool and 

can be refilled by RPE65 (Strauss, 2005; Wright et al., 2010). 

1.2.2.5 Phagocytosis of photoreceptor outer segments 

As mentioned in section 1.2.1.1, photo-oxidative energy in the retina leads to a damage of 

the POS. To maintain visual function, the POS must be renewed constantly. This occurs di-

urnally via phagocytosis by the RPE. The interplay of the tree receptors CD36, receptor-

tyrosinasekinace c-mer (MerTK) and αvβ5 integrin are involved into regulation of phagocy-

tosis by the RPE. The macrophage scavenger receptor CD36 is required for internalization 

of the POS, MerTK activates phagocytosis and αvβ5 integrin initiates phagocytosis, and is 

required for binding of the POS. Furthermore, αvβ5 integrin is a complex of two proteins: αv 

integrin (CD51) and β5 integrin (Sheppard, 2002). αvβ5 integrin is activated by the RPE-

specific glycoprotein milk fat globule-EGF8 (MFG-E8). This activation is as well essential for 

POS binding. Following this, focal adhesion kinase (FAK) is activated and phosphorylates 

MerTK. MerTK is now activated and in turn activates a second messenger cascade. Growth-

arrest-specific protein 6 (GAS6), the natural ligand of MerTK, is expressed in the retina and 
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overexpressed in the RPE. However, the mechanisms underlying the activation of MerTK 

are not known (Strauss, 2005). 

1.2.2.6 Secretion 

RPE cells interact on either side with PR and epithelial cells of the choriocapillaris, respec-

tively. For this communication various factors are secreted by RPE cells, i.e., ATP, Fas-ligand 

(Fas-L), fibroblast growth factors (FGF-1, FGF-2, FGF-5), transforming growth factor-β (TGF-

β), insulin-like growth factor-1 (ILG-1), ciliary neurotrophic factor (CNTF), platelet-derived 

growth factor (PDGF), vascular endothelial growth factor (VGEF), lens epithelium-derived 

growth factor (LEDGF), interleukins, tissue inhibitor of matrix metalloprotease (TIMP) and 

pigment epithelium-derived factor (PEDF). In the healthy eye, certain factors are constantly 

secreted, like PEDF, VEGF and TIMP. Pathological conditions, like hypoxia and metabolic 

stress, lead to secretion of other factors (Strauss, 2005). 

1.3 Cilia 

As mentioned above, the retina and the RPE, which are both ciliated tissues of the eye, are 

considered as a functional unit. Cilia are microtubule-based organelles extending from the 

cell membrane on almost every cell type in vertebrates. After being neglected for years, 

cilia have emerged as key organelles in a variety of developmental and physiological pro-

cesses. Defects in ciliary assembly and function lead to a wide range of diseases, collectively 

termed ciliopathies. Since many of the symptoms are attributed to primary cilia dysfunction, 

it is fundamental to understand the primary cilium thus being able to unravel pathological 

mechanisms underlying ciliopathies and designing new treatment strategies (Fliegauf, 

Benzing and Omran, 2007; Ishikawa and Marshall, 2011; May-Simera, Nagel-Wolfrum and 

Wolfrum, 2017). As already pointed out, primary cilia are indispensable for visual function. 

In the retina, the highly specialized primary cilia transport components needed for POS mor-

phogenesis, maintenance, and sensory function (Chuang, Zhao and Sung, 2007; Fliegauf, 

Benzing and Omran, 2007; May-Simera, Nagel-Wolfrum and Wolfrum, 2017). However, as 

part of this work, we demonstrated that in mouse RPE, primary cilia can only be found dur-

ing development and disassemble as the tissue matures, highlighting their role in signaling 

during development (Publication I). With more than 100 ciliary genes being associated with 

retinal dystrophies and therefore accounting for almost 25% of retinal diseases, primary 

cilia dysfunction has been associated with a growing number of non-syndromic retinal dys-

trophies (Sánchez-Bellver, Toulis and Marfany, 2021). 
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 Cilia structure and function 

All cilia share a common structural composition that is composed of a long microtubule-

based axoneme surrounded by a membrane interconnected with the plasma membrane of 

the cell. The axoneme itself is composed of nine peripheral microtubules-doublets (outer 

doublets) arranged in parallel. These microtubules-doublets are constituted of one com-

plete microtubule (A tubule) and an attached incomplete second microtubule (B tubule) 

(Fliegauf, Benzing and Omran, 2007; Ishikawa and Marshall, 2011; May-Simera, Nagel-

Wolfrum and Wolfrum, 2017) (Figure 5).  

While primary cilia are comprised of a ‘9+0’ structure with nine outer doublets, motile cilia 

consist of a ‘9+2’ structure with nine outer doublets and a pair of central microtubules (cen-

tral pair). The microtubule doublets of motile cilia are connected by nexin and radial spokes 

that extend into the axonemal center and are necessary ciliary movement. Furthermore, 

dynein arms are attached to the A tubules to support ciliary bending (Fliegauf, Benzing and 

Omran, 2007; Ishikawa and Marshall, 2011; May-Simera, Nagel-Wolfrum and Wolfrum, 

2017). However, the nonmotile kinocilium of mechanosensitive hair cells, composed of a 

‘9+2’ structure, demonstrates that a ‘9+2’ structure does not automatically lead to motility 

of cilia (May-Simera, Nagel-Wolfrum and Wolfrum, 2017). At the proximal end, the nine 

outer doublets elongate from the basal body, a specialized centriole showing a ‘9+3’ micro-

tubular structure, where the microtubules are embedded in the pericentriolar material. 

During cell cycle quiescence, centrioles move to the apical cell membrane, where the 

mother centriole, which has subdistal and distal appendages, gives rise to the axoneme and 

Figure 5: Schematic representation of a cil-
ium.  
The axoneme is composed of nine peripheral 
microtubule (MT)-doublets extending from 
the microtubule-triplets of the mother centri-
ole. Motile cilia have an additional central pair 
of MT-doublets, radial spikes, and inner and 
outer dynein arms to drive their motility, while 
primary cilia are comprised of only the nine 
peripheral MT-doublets. At the transition zone 
the axoneme is connected to the ciliary mem-
brane by Y-linkers (YL). The ciliary pocket (CP) 
is formed at the base of the cilium via invagi-
nation of the plasma membrane (PM). Both 
the mother centriole (basal body) and the 
daughter centriole form the basal body com-
plex (BBC). The ciliary rootlet (CR) extends 
away from the basal body complex. The cross 
sections through ciliary compartments show 
the typical structure of the axoneme (9 × 2+0 
microtubule arrangement with Y-linkers (YL)) 

and the centrioles (9 × 3+0 microtubule arrangement) of the basal body. DA: Distal appendages, SA: Sub-distal 
appendages, > <: basal plate (motile cilia). May-Simera et al., 2017. 
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functions as a microtubule-organizing center (MTOC) for cytoplasmic microtubules. At the 

distal end of the centrioles, the microtubules-triplets convert into the microtubules-dou-

blets, also known as the transition zone (TZ), which emerges as being crucial for regulation 

of ciliary function (Fliegauf, Benzing and Omran, 2007; Ishikawa and Marshall, 2011; 

Kobayashi and Dynlacht, 2011; May-Simera, Nagel-Wolfrum and Wolfrum, 2017). At the cil-

iary distal end, also referred to as ciliary tip, the microtubule plus ends are located. Here, 

the axoneme is assembled or disassembled and the switchover between anterograde and 

retrograde intraflagellar transport takes place. Furthermore, the ciliary tip – in addition to 

the ciliary membrane – harbors many signaling components (Ishikawa and Marshall, 2011; 

May-Simera, Nagel-Wolfrum and Wolfrum, 2017). 

Although motile cilia and primary cilia share a common architecture, they exert numerous 

tissue-specific functions during development, tissue morphogenesis and physiology. Due to 

the ability to move, motile cilia are crucial for processes involving extracellular fluid flow. 

To generate fluid movement, a huge number of motile cilia beat coordinated in wave-like 

patterns (Fliegauf, Benzing and Omran, 2007; Ishikawa and Marshall, 2011). In contrast to 

that, non-motile primary cilia transduce extracellular stimuli, such as signaling molecules or 

osmolarity, thus initiating signaling pathways within the cells (Fliegauf, Benzing and Omran, 

2007; Ishikawa and Marshall, 2011; May-Simera, Nagel-Wolfrum and Wolfrum, 2017). 

 Intraflagellar transport 

As cilia lack the ability to synthesize all proteins required for assembly, function and mainte-

nance, those molecules must be transported from the site of synthesis to the cilium. While 

trafficking to the base of the cilium occurs via polarized vesicle trafficking, a more special-

ized form of trafficking is required for trafficking towards the ciliary tip. The protein 

transport along the ciliary axoneme is known as intraflagellar transport (IFT) and is con-

ducted by protein complexes, also known as IFT particles. This transport occurs bidirection-

ally: anterograde towards the ciliary tip and retrograde towards the ciliary base. A func-

tional IFT is essential for cilia assembly, function, and its homeostasis. In many diseases, 

including retinal degeneration and Bardet-Biedl Syndrome, IFT is disrupted (Hao and 

Scholey, 2009; Goetz and Anderson, 2010; Ishikawa and Marshall, 2011). IFT particles are 

enriched in the periciliary region near the basal body and are subdivided into two large 

complexes: IFT complex A and IFT complex B. IFT complex A consists of IFT43, IFT121, 

IFT122, IFT139, IFT140 and IFT144, and IFT complex B, consists of IFT20, IFT22, IFT25, IFT27, 

IFT46, IFT52, IFT54, IFT57, IFT70, IFT74, IFT80, IFT81, IFT88, IFT172. While IFT complex A is 

responsible for the retrograde transport, the IFT complex B performs the anterograde 

transport, which is essential for assembly and a proper function of cilia. At the ciliary base, 
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the IFT machinery and its cargo is assembled and via the motor protein kinesin-2 the ante-

rograde transport is conducted. Along with the IFT particles and the cargo, the inactive ret-

rograde IFT-dynein motor protein is also carried towards the ciliary tip. At the ciliary tip, the 

IFT machinery undergo a turnover, including inactivation of the anterograde motor protein, 

cargo unloading and dissociation of the IFT complexes. For the retrograde transport, the IFT 

machinery is assembled again, cargo together with the inactivated anterograde motor pro-

tein is uploaded and the retrograde motor protein dynein is activated. At the ciliary base, 

the IFT machinery is disassembled (Figure 6) (Hao and Scholey, 2009; Ishikawa and Marshall, 

2011; May-Simera, Nagel-Wolfrum and Wolfrum, 2017). 

 Primary cilia and disease 

Disorders associated with mutations in cilia-related genes resulting in defective cilia are 

termed ciliopathies. Since almost every cell comprises a primary cilium, cilia dysfunction 

leads to a variety of different phenotypes. The fact that over 40 genes are associated with 

ciliopathies, many phenotypic overlaps within the different ciliopathies are found (Waters 

and Beales, 2011; May-Simera, Nagel-Wolfrum and Wolfrum, 2017). Retinal degeneration 

is one of the most common phenotypes associated with all syndromic ciliopathies. Thus, it 

is not surprising that over 100 ciliary genes have been associated with retinal dystrophies 

(Sánchez-Bellver, Toulis and Marfany, 2021). Furthermore, primary cilia dysfunction has 

been associated with a growing number of non-syndromic retinal dystrophies, such as reti-

nitis pigmentosa (RP) (Tobin and Beales, 2009; Waters and Beales, 2011; May-Simera, 

Nagel-Wolfrum and Wolfrum, 2017). This is shown in Table 1. 

Figure 6: Intraflagellar transport machinery.  
The anterograde intraflagellar transport (IFT) motor, Kinesin-2, transport IFT complexes, axonemal precursor pro-
teins and inactive dynein 2 to the ciliary tip. At the ciliary tip, the IFT trains release the axonemal proteins and 
experience a rearrangement of their conformation to drive retrograde IFT. Dynein 2 is activated and mediates the 
retrograde IFT towards the cell body. Ishikawa and Marshall, 2011. 
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 BBS MKS JBTS JATD OFD1 MKKS SLS NPH LCA ALMS 

Retinopathy          

Obesity          

Polydactyly          

Kidney disease          

Situs inversus          

Cognitive  

impairment 
         

BBS, Bardet-Biedl syndrome; MKS, Meckel Gruber syndrome; JBTS, Joubert syndrome; JATD, Jeune syndrome; 
OFD1,Oro-facial-digital syndrome type 1; SLS, Senior-Loken syndrome; NPHP, Nephronoph-thisis; ALMS, Al-
strom syndrome. 

 Bardet-Biedl syndrome 

In 1866, John Zachariah Laurence and Robert Moon described siblings suffering retinal dys-

trophy, obesity, locomotor, and cognitive impairments (Forsythe and Beales, 2013). Be-

tween 1920 and 1922, George Bardet and Arthur Biedl described other siblings similarly 

affected. However, in addition they observed post-axial polydactyly. Henceforth that con-

dition was called Laurence-Moon-Bardet-Biedl syndrome (LMBBS). Nowadays the standard 

term is Bardet-Biedl syndrome (BBS) (Forsythe and Beales, 2013; Valverde, Castro-Sánchez 

and Álvarez-Satta, 2015). Since BBS patients exhibit multisystemic features associated with 

primary cilia dysfunction, BBS is considered as the archetypical ciliopathy since patients ex-

hibit all phenotypes associated with ciliary dysfunction (Table 1) (Waters and Beales, 2011; 

May-Simera, Nagel-Wolfrum and Wolfrum, 2017). 

1.3.4.1 Prevalence and epidemiology 

BBS is a rare disease with low prevalence ranging from 1:125,00-1:160,000 in Europe and 

1:100,000-1:140,00 in Northern America. However, due to consanguinity isolated popula-

tions like Faroe Islands or Newfoundland show higher prevalence (1:3,700, respectively 

1:17,500) (Valverde, Castro-Sánchez and Álvarez-Satta, 2015). 

1.3.4.2 Clinical features 

BBS has diverse clinical manifestations, showing distinct inter- and intra-familial variability. 

Additionally, many symptoms are not present in younger people. They develop a BBS phe-

notype throughout the first decade of life, resulting in a diagnosis in late childhood or early 

adulthood (Forsythe and Beales, 2013; Valverde, Castro-Sánchez and Álvarez-Satta, 2015).  

Retinitis pigmentosa is the most frequent phenotype of BBS. Furthermore, 72-92% of the 

patients suffer from obesity. Table 2 summaries the clinical features of BBS and their fre-

quency among the patients. In the absence of genetic testing, four primary features or three 

Table 1: Phenotypic overlap among ciliopathies. Adapted from Tobin and Beales, 2009. 
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primary and two secondary features are required for the final diagnosis of BBS (Beales et 

al., 1999; Forsythe and Beales, 2013). 

 

Primary features 

Rod-cone dystrophy 93% 

Obesity 72-92% 

Polydactyly 63-81% 

Learning Disabilities 61% 

Genital anomalies 59-98% 

Renal anomalies 53% 

Secondary features 

Speech deficit 54-81% 

Brachydactyly / syndactyly 46-100% / 8-95% 

Developmental delay 50-91% 

Ataxia / poor coordination / imbalance 40-86% 

Diabetes mellitus 6-48% 

Dental anomalies 51% 

Left ventricular hypertrophy / congenital heart disease 7% 

1.3.4.3 Genetics of BBS and BBS proteins 

BBS is a rare autosomal recessive disease. However, the phenotypic variability and genetic 

heterogeneity suggest an oligogenic inheritance (Valverde, Castro-Sánchez and Álvarez-

Satta, 2015). To date over 21 different BBS genes have been identified so far and all of them 

are inevitable for proper cilia function. Due to new analysis methods, the number of known 

BBS genes is still likely to increase (Suspitsin and Imyanitov, 2016).  

BBS1, BBS2, BBS4, BBS5, BBS7, BBS8 and BBS9 form the BBSome, a 438 kDa multiprotein 

complex. The BBSome locates to cytoplasmic non-membranous centriolar satellites and to 

the ciliary membrane. The BBSome interacts with BBS3, a GTPase, and Rab8. Together they 

facilitate IFT. An impairment of any protein of the BBSome leads to a dysfunctional cilium 

causing degeneration and cell death (Forsythe and Beales, 2013; Valverde, Castro-Sánchez 

and Álvarez-Satta, 2015; May-Simera, Nagel-Wolfrum and Wolfrum, 2017). BBS6, BBS10 

and BBS12 are members of the group II chaperonin family present in the pericentriolar ma-

terial and basal bodies. They show the architecture of a chaperonin; however, without con-

served specific insertion regions. They form a chaperonin complex together with six other 

group II chaperonins of the CCT/TRiC family. This chaperonin complex is responsible for a 

proper folding and assembly of the BBsome. All other BBS genes are associated with cilia 

function, either at the basal body (BBS13, BBS14, BBS15, BBS16) or they have other cilia-

related function (BBS3 , BBS11 , BBS19 , BBS20, NPHP1) (Forsythe and Beales, 2013; 

Table 2: Clinical features of BBS and their prevalence. 
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Valverde, Castro-Sánchez and Álvarez-Satta, 2015; Suspitsin and Imyanitov, 2016; May-

Simera, Nagel-Wolfrum and Wolfrum, 2017). Most of the BBS patients show mutations in 

BBS1 or BBS10 (23.3% and 20%, respectively). At least 21 genes associated with BBS: BBS1-

12, BBS13 (MKS1), BBS14 (CEP290), BBS15 (WDCPC), BBS16 (SDCCAG8/C2ORF86), BBS17-

21. Mutations of these genes are found in 70-80% of all patients, suggesting that there must 

be more genes. In BBS1 and BBS10 the majority of those mutations are found (Forsythe and 

Beales, 2013; Valverde, Castro-Sánchez and Álvarez-Satta, 2015). 

The BBS proteins are expressed in many different tissues, such as the RPE, retina or kidney, 

of ciliated organisms. Their importance for maintenance and function of cilia makes them 

necessary for development and homeostasis of the tissue. 

 Cilia in the RPE 

Primary cilia are present on almost every vertebrate cell type. They play important roles in 

many physiological and developmental processes. However, defects in assembly, disassem-

bly or function leads to a wide range of diseases, with retinal degeneration being the most 

common phenotype (Fliegauf, Benzing and Omran, 2007; Ishikawa and Marshall, 2011; 

May-Simera, Nagel-Wolfrum and Wolfrum, 2017). So far, most research on retinal degen-

eration has focused predominantly on the highly specialized primary cilium of the PR. How-

ever, the contribution of defective primary cilia in other ocular cell types has not yet been 

comprehensively studied (May-Simera, Nagel-Wolfrum and Wolfrum, 2017; May-Simera et 

al., 2018). It has been shown that primary cilia are crucial for development and maturation 

of the RPE and that their dysfunction impairs RPE function, which is essential for PR health 

and activity (May-Simera et al., 2018). Beyond this, nothing is known about the effect of 

dysfunctional primary cilia on PR health and visual function.
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2 Aim 

In order to fully understand how primary cilia dysfunction causes retinal degeneration and 

subsequently visual impairment, it is necessary to not only study primary cilia defects in the 

retina but also in other ciliated ocular tissues. One of them, the RPE, is of great importance 

as it is essential for retinal homeostasis and health. Therefore, this thesis aims to unravel 

the events occurring after primary cilia dysfunction in the RPE and leading to retinal degen-

eration. To do so, two knockout mouse models have been used, a global knockout of Bbs8 

and a conditional knockout of Ift20. The latter, aiming to ablate primary cilia exclusively in 

the RPE. This overall aim could then be divided into 2 aims:  

Aim 1: Effects of primary cilia dysfunction caused by Bbs8 knockout on the mouse RPE.  

 

Aim 2: Effects of primary cilia loss exclusively in the RPE on the mouse RPE and visual 

function.  

 

Using the Bbs8 knockout mouse model in Aim 1, we sought to identify the mechanisms of 

ciliary function in the RPE on a cellular and molecular level. This resulted in Publication I, 

and II. In Aim 2, we wanted to examine the effect of ciliary dysfunction in the RPE on RPE 

homeostasis and function, retinal degeneration, and vision (Manuscript I). To be able to 

better study the role of RPE-specific role of primary cilia, an inducible RPE-specific Cre trans-

genic-mouse line was developed and characterized (Publication III). 
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Publication I – Bardet–Biedl Syndrome proteins regulate cilia disassembly dur-

ing tissue maturation (Published) 

In this publication, we show that in the mouse RPE primary cilia are only temporary present 

during development and retracts as the tissue matures. This is accompanied by expression 

of ciliary disassembly components in vivo. Thus, we focused on the molecular control of 

these processes and could demonstrate that ciliary-associated BBS proteins interact with 

Inversin and regulate its expression at the base of the cilium. Consequently, Inversin inhibits 

HEF1/AurA, inactivating HDAC6, thus, preventing ciliary disassembly. β-catenin remains 

acetylated and phosphorylated and thereby undergoes proteasomal degradation. Upon 

BBS suppression, Inversion expression decreases, leading to the phosphorylation and acti-

vation of AurA via HEF1, resulting in upregulation of HDAC6, which in turn deacetylates β-

catenin. β-catenin ultimately translocates to the nucleus where it activates canonical Wnt 

signaling. Furthermore, we show that primary cilia dysfunction in Bbs8 knockout mice re-

sulted in abnormal patterning of the RPE due in part to defective RPE maturation. However, 

this was not further examined in the scope of this publication. Therefore, we aimed to in-

vestigate the effect of Bbs8 knockout on the RPE in more detail. 
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Abstract
Primary cilia are conserved organelles that mediate cellular communication crucial for organogenesis and homeostasis in 
numerous tissues. The retinal pigment epithelium (RPE) is a ciliated monolayer in the eye that borders the retina and is vital 
for visual function. Maturation of the RPE is absolutely critical for visual function and the role of the primary cilium in this 
process has been largely ignored to date. We show that primary cilia are transiently present during RPE development and 
that as the RPE matures, primary cilia retract, and gene expression of ciliary disassembly components decline. We observe 
that ciliary-associated BBS proteins protect against HDAC6-mediated ciliary disassembly via their recruitment of Inversin 
to the base of the primary cilium. Inhibition of ciliary disassembly components was able to rescue ciliary length defects in 
BBS deficient cells. This consequently affects ciliary regulation of Wnt signaling. Our results shed light onto the mechanisms 
by which cilia-mediated signaling facilitates tissue maturation.

Keywords Retinal dystrophy · Ciliopathy · Signaling pathways · Proteasomal degradation · Signaling inhibitors

Introduction

Primary cilia are microtubule-based organelles that protrude 
from the cellular membrane and are anchored by modified 
centrioles referred to as basal bodies. Cells use primary cilia 
as specific sensory organelles to detect external cues and 
mediate intracellular signaling during cell differentiation, 
organogenesis and tissue homeostasis. Cilia are involved 
in several signaling pathways including Wingless-related 
integration site (Wnt), Hedgehog (Hh) and platelet-derived 
growth factor receptor α (PDGFRα) [1–4], are evolution-
ally conserved and vital for diverse organisms ranging from 
metazoans to mammals. Although they are present on almost 

every cell type [5], not all cells retain their cilium throughout 
development and adulthood. In many tissues, for example 
the Organ of Corti in the mammalian cochlea [6], the lumi-
nal epithelial cells within mammary gland [7] and corneal 
endothelial cells in the eye [8], the cilium is vital during 
development but disassembles upon maturation. However, 
the physiological consequences of ciliary disassembly are 
largely unexplored. Cilia can disassemble in response to 
environmental stress [9], during differentiation or cell cycle 
progression [10, 11]. This shortening or absorption of the 
cilium will inevitably influence its signaling and functional 
role [12–16].

The importance of cilia during organogenesis and func-
tion of the vertebrate eye is well documented, particularly 
in photoreceptor cells [17, 18]. However, we only recently 
showed that the retinal pigment epithelium (RPE), a pig-
mented monolayer epithelium essential for photoreceptor 
development and visual function, also relies on the primary 
cilium for maturation through the regulation of canonical 
Wnt signaling [19]. Numerous reports have shown that RPE-
derived cell lines are ciliated in vitro [20, 21] and although 
ciliary assembly and disassembly pathways have been stud-
ied in these models, the precise mechanisms are still being 
determined. The effect of these processes on downstream 
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signaling pathways has not been established [22, 23]. More-
over, RPE ciliogenesis and ciliary disassembly have not been 
investigated in vivo. Although reports have suggested that 
cilia in the RPE are retained throughout adulthood [24], 
a report from Nishiyama suggested that they disappear in 
the adult rat RPE [25]. Therefore, we set out to investigate 
the extent of ciliation in developing vertebrate RPE and to 
understand the molecular mechanisms underlying ciliary 
disassembly during development.

Various ciliary proteins including Bardet–Biedl Syn-
drome (BBS) and Nephronophthisis (NPHP) proteins show 
ciliary localization [26] and regulate cilia length [27, 28]. 
BBS proteins have been shown to direct ciliary trafficking, 
whereas many of the NPHP proteins function as ciliary gate-
keepers [26, 28–31]. Certain mutations in the genes encod-
ing these proteins can cause severe ciliopathy phenotypes 
including retinal degeneration, cystic kidneys, central obe-
sity and situs inversus [32, 33].

Ciliary disassembly is known to be regulated by various 
cell cycle regulators. This process is mediated by human 
enhancer of filamentation 1 (HEF1/NEDD9) [34], which 
translocates from focal adhesions to the basal body, a struc-
ture derived from the mother centriole at the base of the 
cilium. Translocation of the scaffold protein HEF1 activates 
Aurora A kinase (AurA), which in turn activates histone 
deacetylase 6 (HDAC6), destabilizing the microtubule axo-
neme and thereby causing ciliary disassembly [22]. Inversin 
(NPHP2) influences ciliary disassembly by regulating AurA 
[35] and Wnt signaling [36]. BBSome-interacting protein 
1 (BBIP10/BBS18), an accessory BBS protein, has been 
shown to directly interact with HDAC6, thereby modulat-
ing acetylation and stabilization of cytoplasmic microtubules 
[37]. BBS proteins have also been shown to modulate Wnt 
signaling via degradation of β-catenin [19, 38, 39], which is 
controlled by precise coordination of phosphorylation and 
dephosphorylation events [40, 41].

In this study, we investigated the influence of ciliary dis-
assembly components in the developing RPE in vivo and 
in vitro. Furthermore, we sought to elucidate how BBS 
proteins mediate ciliary disassembly and how this influ-
ences downstream signaling cascades involved in tissue 
morphogenesis.

Results

Primary cilia are transiently expressed 
in the developing RPE

We characterized primary cilia expression in mouse flat-
mount RPE at different stages of development using immu-
nohistochemistry, RNA expression and electron microscopy. 
An antibody against ADP Ribosylation Factor-Like GTPase 

13B (Arl13b) was used to identify primary cilia. Co-staining 
with other cilia (acetylated α-tubulin) and basal body mark-
ers (Pericentrin2, GT335) confirmed Arl13b as a reliable 
cilia marker in the RPE (Fig. 1a, b; Supp. Figure 1a–d). 
Tight junction marker Zonula occludens-1 (ZO-1) (Fig. 1a, 
b; Supp. Figure 1b, c) and β-catenin were used as membrane 
markers to visualize cell borders (Supp. Figure 1d). We per-
formed stainings at various time points from E14.5 onward 
and observed that the expression of primary cilia in the 
developing RPE diminishes as the RPE matures (Fig. 1c–f). 
E14.5 was the earliest time point at which cilia were reliably 
observed and E18.5 was chosen instead of post-natal stages 
in order to circumvent embryonic lethality. The highest per-
centage of ciliated cells was observed at E14.5 and E16.5 
(69.8 and 64%, respectively). By E18.5, only 26% of cells 
in the RPE were ciliated, suggesting that the primary cilium 
had retracted in the majority of the cells (Fig. 1f). Changes 
in cilia length accompanied cilia retraction, decreasing from 
2.63 µm at E16.5 to 0.95 µm at E18.5 (Fig. 1g–j). In sup-
port of developmentally dependent transient expression of 
the primary cilium, we also observed differences in cilia-
tion between the center and periphery of the RPE (compare 
Fig. 1c–e and Supp. Figure 1e–h). Ciliated cells were rarely 
identified after E18.5. In P1 and adult RPE, only a few cells 
could be identified with short stumpy Arl13b and acetylated 
α-tubulin positive cilia (Fig. 2a; Supp. Figure 1i–k). As pre-
viously documented [42], we also observed a developmental 
increase in cell size (Fig. 1c–e, Supp. Figure 1e–g). Because 
many cells were observed with cilia at embryonic time-
points, these data suggest that the primary cilium retracts 
as the RPE develops. 

To confirm retraction of the primary cilium in mature 
RPE tissues, we prepared transmission electron micrographs 
(TEM) of mouse RPE at multiple time points and imaged 
all identifiable basal body or ciliary axoneme profiles. All 
profiles were classified into one of the three categories that 
we defined as follows: basal bodies or centrioles with no 
attached membrane vesicles were categorized as Class I, 
whereas Class II profiles were identified as basal bodies con-
taining a membranous attachment (the ciliary vesicle). Class 
III profiles were those with an extended ciliary axoneme into 
the extracellular space (Fig. 2b). Class I profiles are likely 
over-represented as an artifact of sectioning through a basal 
body of a Class II and III structure that had an attached 
membrane or axoneme in a different cutting plane. Consist-
ent with an increase in ciliary disassembly, the number of 
Class III profiles decreased with RPE maturation (Fig. 2c). 
Combined, these data are consistent with our observations 
on immunohistochemistry and imply that primary cilia dis-
assemble upon maturation of the RPE.

To further support retraction of the primary cilium, 
we measured changes in gene expression of two ciliary 
genes, Arl13b and Ift88 in isolated mouse RPE cells using 
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quantitative real-time PCR (qRT-PCR). We developed a 
method to isolate pure RPE cells from embryonic mouse 
eyes and confirmed cell purity by determining lack of choroi-
dal or retinal-specific gene expression (Supp. Figure 2a–c). 

Gapdh was taken as the housekeeping control as its expres-
sion remained stable from E14.5 through to P7 in control 
and knockout mouse RPE (Supp. Figure 2d, e). Expression 
of both cilia genes peaked at E16.5 and decreased as the 

Fig. 1  The primary cilium is 
transiently expressed during 
RPE development. Representa-
tive high-resolution immuno-
fluorescence images of E16.5 
mouse RPE flatmounts labeled 
with antibodies against ciliary 
structures show co-localization 
of Arl13b and acetylated 
α-tubulin extending from the 
basal body (a, b). Arl13b (axo-
neme marker, red); Pericentrin 
2 (PCNT2, basal body marker, 
cyan); acetylated α-tubulin (Ac. 
tubulin, axoneme marker, cyan); 
Zona Occludens (ZO-1, cell 
junctions, green). Low magni-
fication immunofluorescence 
images show ciliation (num-
ber of ciliated cells) at three 
embryonic timepoints (c–e). 
Boxplots show a significant 
decrease in the number of cili-
ated cells from E14.5 to E18.5 
(f). E14.5 n = 1700 cells, E16.5 
n = 750 cells, E18.5 n = 650 
cells. Boxplots of cilia length 
demonstrate that mouse RPE 
cilia are longest at E16.5 (g). 
n = 25 for each age group. High-
resolution immunofluorescence 
images of cilia (Arl13b, red) 
highlight differences in ciliary 
length between E14.5 and E18.5 
(h–j) as quantified in g. Three 
or more animals were used per 
data set. Statistics were done 
using the Dunnett’s multiple 
comparison test ***p ≤ 0.001; 
ns not significant. Scale bars: a, 
b, h, i, j 2 µm; c–e 10 µm
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Fig. 2  Primary cilia disassemble during mouse RPE development. 
Quantification of ciliation in mouse RPE at E16.5, post-natal day 
1 (P1) and adult show that the number of ciliated cells drastically 
decreased after birth (a). Transmission electron micrographs of basal 
bodies or ciliary axoneme profiles (marked by red asterisks) of adult 
mouse RPE (b). Schematics show classification of ciliary structures 
into different classes (I, II and III), depending on the absence (class 
I) or presence of a membranous attachment (the ciliary vesicle) (class 
II) or ciliary axoneme (class III). Quantification of class I-III pro-
files shows that the number of class III profiles decrease as the RPE 

matures (c). Gene expression as measured by quantitative real-time 
PCR from isolated primary mouse RPE cells show altered expression 
of ciliary (Arl13b and Ift88) and ciliary disassembly markers (Hef1, 
AurA and Hdac6) (d–h). Fold changes and significance were calcu-
lated relative to E16.5. Values represent data from three or more inde-
pendent animals (biological repeats) each with three technical repeats 
per data set. Statistics were done using the Dunnett’s multiple com-
parison test *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ns not significant. 
Scale bars: 2 µm
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tissue matured (Fig. 2d, e). Because ciliary retraction in the 
RPE may be actively controlled via ciliary disassembly, we 
also analyzed the gene expression of Hef1, AurA and Hdac6 
[22, 43, 44], which are known regulators of ciliary disassem-
bly. Expression of ciliary disassembly components changed 
dynamically as the cilium retracted (Fig. 2f–h). Hef1 expres-
sion increased gradually from E14.5 to E18.5. Expression 
of AurA and Hdac6 was decreased by ~ 50% between E16.5 
and E18.5. This suggests that AurA and Hdac6 expressions 
are highest just before ciliary disassembly is observed and 
decline by E18.5, at which point the majority of cilia have 
disassembled.

Taken together, these data demonstrate that the primary 
cilium is disassembled upon maturation of the RPE. Tem-
poral and spatial patterning of ciliation across the RPE 
matches the known mechanism of maturation for this tis-
sue. The present data and our previous work [19] support 
the hypothesis that the transient expression of the primary 
cilium is required for RPE maturation, which occurs in an 
organized pattern. To further understand the mechanism of 
ciliary disassembly, we next sought to investigate how cili-
ary proteins contribute to the process of ciliary disassembly.

Loss of BBS proteins affects ciliated RPE

We focused on Bardet–Biedl syndrome (BBS) proteins 
in view of our prior observation that BBS proteins regu-
late primary cilia length and ciliary trafficking [27]. BBS6 
(MKKS) is a component of the BBS chaperonin complex 
thought to be required for BBSome assembly. BBS8 (TTC8) 
is a component of the BBSome complex required for ciliary 
trafficking. We observed that RPE tissue from Bbs6 knock-
out (Bbs6−/−) mouse embryos displayed fewer ciliated cells 
at E16.5. The knockout cilia were shorter (0.87 ± 0.67 µm) 
compared to WT (2.25 ± 0.94 µm) littermates (Fig. 3a–d). In 
addition to changes in cilia length, we also observed changes 
in cell size in Bbs6 knockout mouse embryos. In WT, we 
saw little variation in cell size between neighboring cells. 
However, in Bbs6−/− we observed an increase in average cell 
size and broader distribution of cell size (Fig. 3a; Supp. Fig-
ure 3a, b). This abnormal patterning reflects disrupted RPE 
maturation as we had seen for Bbs8−/− in our previous paper 
[19]. Abnormal patterning is possibly a consequence of dys-
regulation of cell junction components such as Occludin and 
Epithelial Cadherin (Cadherin 1). Occludin is an integral 
membrane protein found at tight junctions [45], and Epithe-
lial Cadherin [46] is a major component of adherens junc-
tions, both of which are essential for the regulation of RPE 
intercellular junction integrity and function, and apical basal 
polarity. Ras-related protein Rab-27A (Rab27) and Myosin 
VIIA (Myo7a) are both required for melanosome transport 
in the RPE, dysfunction of which leads to defective visual 
cycle [47]. Expression of these genes is seen as a marker 

and benchmark for RPE maturation and their disruption can 
contribute to aberrant epithelial morphology. We observed 
a downregulation of Cdh1, Ocln, Rab27a and Myo7a as 
quantified by qRT-PCR (Supp. Figure 3c). Bbs8 knockout 
(Bbs8−/−) embryos also showed reduced number of ciliated 
RPE cells at E16.5 compared to that of WT (Fig. 3e, f, Supp. 
Figure 3c) although less significant changes in gene expres-
sion were observed.

To further elucidate the mechanisms by which BBS mol-
ecules regulate ciliary disassembly, we utilized an in vitro 
culture system by knocking down (KD) BBS8 or BBS6 
using short interfering RNA (siRNA) in hTERT-RPE1 
cells. This cell line has previously been used to characterize 
ciliary disassembly and is derived from human RPE tissue. 
Knockdown was validated by RT-qPCR and Western blot-
ting (Supp. Figure 4a–d). Cells were serum-starved to induce 
ciliogenesis. Similar to the in vivo mouse RPE, we observed 
fewer ciliated cells upon BBS8 and BBS6 KD (24.9 ± 11.6 
and 24.1 ± 9.62%) compared to the non-targeting siRNA 
control (NTC, 74.7 ± 9.77%) (Fig. 3g, h). In the remaining 
cells that retained cilia, cilia length was also significantly 
reduced compared to NTC (NTC: 3.58 μm, BBS8 KD: 
2.26 μm, BBS6 KD: 2.62 μm) (Fig. 3i).

Interaction of BBS proteins with mediators of ciliary 
disassembly

Next, we sought to identify whether additional BBS pro-
teins interact with Inversin, a protein known to be involved 
in AurA mediated ciliary disassembly [35]. Since we had 
previously shown that BBS8 directly interacts with Inver-
sin during regulation of Wnt signaling in development of 
the RPE [19], we wanted to see if this interaction extended 
to other BBS proteins. Using GFP-traps, we were able to 
pull down overexpressed BBS6-myc and BBS2-myc with 
Inversin-eGFP in HEK293T cells (Fig. 4a, b). To confirm 
the physical interaction between Inversin and BBS6 in situ, 
a proximity ligation assay (PLA) was performed using anti-
bodies against endogenous Inversin and overexpressed myc-
BBS6. Positive PLA events shown as distinct fluorescent 
foci confirmed the interaction (Fig. 4c).

In an immortalized murine kidney medullary (KM) cell 
line, Inversin is localized to the base of the cilium as seen 
by Inversin co-localization with acetylated α-tubulin in the 
majority of ciliated cells (Fig. 4d, e). These cells were used 
as endogenous Inversin is better detectable in these cells 
upon immunocytochemistry. Furthermore, the Wnt signaling 
and ciliary phenotype are recapitulated in these cells [27]. 
In KM cells derived from Bbs6 knockout (Bbs6−/−) mice, 
significantly fewer cilia showed Inversin localization at the 
base, and Inversin expression was more dispersed through-
out the cytoplasm (Fig. 4d, f). Combined these data suggest 
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Fig. 3  Absence of BBS proteins 
decreases RPE ciliation in vivo 
and in vitro. Representative 
immunofluorescence images of 
E16.5 mouse RPE flatmounts 
from wildtype and Bbs6−/− 
littermates, labeled with 
antibodies against the primary 
cilium (Arl13b; red, acety-
lated α-tubulin (Ac. tubulin); 
cyan) and cell junctions (Zona 
Occludens (ZO-1); green) (a, 
c). Boxplots of ciliation (b) 
and cilia length (d) show a 
significant decrease in cilia 
number and cilia length in Bbs6 
knockout animals. Repre-
sentative immunofluorescence 
images of E16.5 mouse RPE 
flatmounts from wildtype and 
Bbs8−/− littermates, labeled 
with antibodies against Arl13b; 
red and ZO-1; green show a 
reduced number of ciliated cells 
in Bbs8 knockout mice (e). Box-
plots confirmed the significant 
reduction of ciliated cells in 
Bbs8 knockout RPE (f). Repre-
sentative immunofluorescence 
images of primary cilia labeled 
with antibodies against Arl13b; 
green and polyglutamylated 
tubulin (GT335); red in BBS8 
and BBS6 KD hTERT-RPE1 
compared to non-targeting 
control (NTC) (g). Graphical 
representation of percentage 
of ciliated cells (NTC n = 250, 
BBS8 KD n = 150 and BBS6 
KD n = 200) (h) and cilia length 
(i) of control in comparison to 
KD cells. White asterisks (*) 
label cells lacking cilia. Three 
or more individual animals were 
used per sample set. Statisti-
cal analyses in b, d and f were 
performed using two-tailed 
Mann–Whitney U test, where 
***p < 0.001. For d n = 40 cells 
per genotype. Statistical analy-
ses in h and i were done using 
the Dunnett’s multiple com-
parison test ***p ≤ 0.001. Scale 
bars: a, e 10 µm; b 2 µm; g 
10 µm, magnified images 5 µm. 
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Fig. 4  Mislocalization of 
Inversin upon loss of BBS 
proteins. HEK293T cells 
transiently co-transfected 
with myc-tagged BBS and 
Inversin-GFP plasmids. Cell 
lysates subjected to GFP-TRAP 
pulldown followed by Western 
blotting show that Inversin-GFP 
interacts with myc-tagged BBS6 
(a) and myc-tagged BBS2 (b). 
Proximity ligation assays (PLA) 
of HEK cells overexpressing 
myc-BBS6 were performed 
using antibodies against myc 
and endogenous Inversin. 
Positive PLA foci (green) 
indicate interaction between 
Inversin and BBS6. Empty-myc 
transfected control cells did 
not display positive PLA foci. 
TRITC-Phalloidin (F-actin, 
red) was used to visualize cell 
outlines (c). Representative 
immunofluorescence images of 
kidney medullary (KM) cells 
labeled with antibodies against 
the primary cilium (acetylated 
α-tubulin (Ac. tubulin); red) and 
Inversin (green) show dimin-
ished localization of Inversin 
to the base of the cilium in 
Bbs6−/− cells as compared to the 
wildtype control (d). ROI linear 
profile represents fluorescence 
intensity of corresponding 
cyan line on the merged image. 
Peaks indicated by asterisk 
represent area of co-localization 
of Inversin and Ac. tubulin in 
wildtype KM cells (e). Bbs6+/+ 
n = 215 cilia, Bbs6−/− n = 140 
cilia. Boxplots show a reduc-
tion in percentage of Inversin 
positive Ac. tubulin in Bbs6−/− 
KM cells compared to control 
cells (f). Statistical analyses in 
e were performed from three 
independent experiments using 
two-tailed Mann–Whitney U 
test, where ***p < 0.001. Scale 
bars: c, d 10 µm
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that BBS6 and BBBS2 proteins interact with Inversin and 
regulate its expression at the ciliary base.

BBS proteins regulate key mediators of primary 
ciliary disassembly

In mammalian cells, ciliary disassembly is mediated by 
recruitment of HEF1 at the basal body, leading to down-
stream phosphorylation and activation of AurA and HDAC6, 

and subsequent destabilization of ciliary tubulin [22, 48]. 
We wanted to determine whether BBS proteins are involved 
in cilia maintenance by protecting the cilium against AurA-
HDAC6-mediated disassembly. Gene expression analysis 
showed an increase of ciliary disassembly genes HDAC6 
and HEF1 upon knockdown (KD) of BBS8 or BBS6, con-
sistent with reduced ciliary length (Figs. 3 g–i; 5a). Western 
blot analysis also showed elevated levels of HDAC6 protein 
expression in hTERT-RPE1 cells (Fig. 5b, c). Expression of 
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total AurA mRNA and AurA protein was decreased in KD 
cells, as analyzed by qPCR, Western blot and flow cytometry 
(Fig. 5a, d, e, f, g). In contrast, the level of active phospho-
rylated AurA (pAurA) was unchanged as shown by Western 
blot with an antibody specific for pAurA (Thr288) (Fig. 5d, 
e). Therefore, the ratio of pAurA/AurA was elevated in the 
KD cells compared to control even without ciliary disas-
sembly via serum activation. Previous reports showed that 
levels of pAurA peak when cilia disassemble [23]. When we 
do combined serum activation with BBS KD, we observed 
a similar trend in that active pAurA is retained upon BBS8 
or BBS6 KD (Supp. Figure 5a). As quantified by qPCR, 
HEF1 transcript expression was elevated upon both BBS8 
and BBS6 KD (Fig. 5a). In an attempt to verify these data 
in vivo, we analyzed mRNA expression of Hef1, AurA and 
Hdac6 in knockout mouse tissue using unpurified RPE (RPE 
and choroid). Expression of ciliary disassembly genes Hef1 
and Hdac6 was increased in Bbs8−/− relative to wildtype 
control littermate tissue. No significant change in expres-
sion level could be seen for AurA. In Bbs6−/− mice, Hef1 
was significantly increased, AurA significantly decreased and 
Hdac6 remained unchanged (Supp. Figure 3d). These gene 
expression patterns show a similar trend to the in vitro data. 

Although HEF1 mRNA expression levels were elevated 
in vitro and in vivo, Western blot analysis showed a reduc-
tion in protein upon loss of BBS8 (Supp. Figure 5b). We 
hypothesized that in the absence of BBS8, HEF1 is actively 
phosphorylated and targeted for proteasomal degradation. To 
test this, we treated serum-starved cells with the proteasome 
inhibitor MG132. This resulted in ~ 8-fold recovery of HEF1 
expression in treated KD cells compared to untreated KD 
cells which only had a 3.7-fold recovery (Fig. 5h). Therefore, 
over 50% more HEF1 was recovered in KD cells compared 
to control (0.1–0.8 vs 1–3.7). Although we saw a mild recov-
ery of total AurA upon inhibiting proteasomal activity in 
these cells (Fig. 5i), there was little difference between KD 
and control. Based on these observations, we propose that 
ciliary disassembly components are differentially regulated 
by BBS proteins. While loss of BBS8 results in increased 
levels of HDAC6, it also results in the proteasomal degra-
dation of HEF1 and to some extent of AurA. We wanted to 
further elucidate whether the ciliary length defect observed 
in BBS deficient cells could be attributed to dysfunction of 
ciliary disassembly components.

Ciliary disassembly component inhibition rescues 
the ciliary length defect caused by BBS knockdown

To confirm that ciliary defects upon BBS KD can be attrib-
uted in part to an increase in HDAC6 expression, we treated 
serum-starved NTC and BBS KD cells with tubacin, a spe-
cific HDAC6 inhibitor [22, 49]. Tubacin treatment caused 
a decrease in HDAC6 and a concomitant increase in the 
protein level of acetylated tubulin in both NTC and KD cells 
compared to the vehicle (DMSO) alone, as seen by Western 
blot (Fig. 5j). This corresponded to a rescue in cilia length 
(Fig. 6a, b). A significant change in the number of ciliated 
cells was not observed after treatment with tubacin (Fig. 6c). 
Next, we used a potent and selective inhibitor of AurA, 
AurA Inhibitor I [35, 50]. Similarly, this also ameliorated 
the cilia length defect in BBS8- and BBS6-deficient cells 
(Fig. 6d, e). To test whether HEF1 activity also underlies the 
AurA and HDAC6 mediated ciliary disassembly in BBS KD 
cells, we performed double KD experiments. We observed 
an appreciable rescue in cilia length in the BBS and HEF1 
double KD cells compared to single KD (Fig. 6f, g). We 
confirmed that double KD did not lead to loss of individual 
gene KD efficiency (Supp. Figure 4e–g). Recovery of cilia 
length after inhibition or KD of HEF1, AurA and HDAC6 
supports our hypothesis that BBS proteins are involved in 
the control of ciliary disassembly (Fig. 6h).

To address off-target effects of siRNA we knocked 
down BBS8 from hTERT-RPE1 cells using single (siRNA 
1 or siRNA2) and double siRNAs (siRNA 1 + 2) and looked 
for levels of HDAC6 via Western blotting. We observed a 
similar increase in HDAC6 levels in single vs double KD 

Fig. 5  BBS proteins regulate key mediators of cilia disassembly. 
Quantitative real-time PCR shows increased gene expression of cilia 
disassembly components (HEF1 and HDAC6) and decreased expres-
sion of AurA relative to non-targeting control (NTC, red line) in 
serum-starved BBS8 or BBS6 knockdown (KD) hTERT-RPE1 cells. 
GAPDH was used as housekeeping control (a). Western blots show 
a significant increase in protein levels of HDAC6 upon KD of BBS8 
and BBS6 in serum-starved hTERT-RPE1 cells (b, c). Conversely, 
AurA protein levels were decreased upon KD of BBS8 and BBS6 
in serum-starved hTERT-RPE1 cells, although pAurA levels were 
retained (d, e) suggesting an increased ratio of active over total AurA. 
Flow cytometry analysis was used to further quantify AurA expres-
sion in serum-starved BBS8 and BBS6 KD hTERT-RPE1 cells (f, g). 
Representative flow cytometry dot plots show the AurA-positive cell 
population (P3, blue) and AurA-negative cell population (P2, red) 
(f). Quantification of the AurA-positive cell population confirmed 
a significant decrease in the BBS8 and BBS6 KD cells compared to 
NTC (g). Western blots show that KD of BBS8 in hTERT-RPE1 cells 
leads to decreased level of HEF1, which was partially restored by 
treatment with proteasome inhibitor MG132 (h). An 8-fold increase 
in HEF1 protein expression was observed upon BBS8 KD compared 
to 3.7-fold in NTC. Decreased protein levels of AurA in BBS8 KD 
hTERT-RPE1 cells were also partially restored by treatment with 
proteasome inhibitor MG132 (i). Increased levels of HDAC6 in 
BBS8 KD hTERT-RPE1 cells were concomitant with an increase in 
acetylated α-tubulin and were reduced upon treatment with HDAC6 
inhibitor tubacin, as quantified by Western blot (j). Quantification of 
Western blot data was normalized to GAPDH levels. Bar charts show 
relative protein expression in arbitrary units (AU). Data are expressed 
as mean ± SD, n = 3 separate experiments for (a-g), while n = 2 for 
h-j. Statistical analyses in c, g were done using the Dunnett’s multi-
ple comparison test and e using Shidak’s multiple comparison test. In 
c, e and g *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ns not significant. KD 
Knockdown, NTC non-targeting control, SS serum-starved, FC fold 
change, FSC-A forward scatter area
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cells, as quantified using Western blotting analysis (Supp. 
Figure 5c). Furthermore, using different combinations of 
siRNA against BBS8 from different companies had the 

same effect on AurA expression levels (Supp. Figure 5a). 
Therefore, we believe that the phenotype we observe is 
specific. To rule out differences in cell cycle stages, which 
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could affect changes in ciliary disassembly components, we 
performed cell cycle analysis via fluorescence-activated cell 
sorting (FACS) using propidium iodide (PI). This corrobo-
rated that the majority of cells remained in G0/G1 phase in 
both NTC and KD cells (Supp. Figure 5d), confirming that 
our results were cell cycle independent.

Loss of BBS proteins regulate HDAC6, thereby 
influencing post‑translational modification 
of β‑catenin

Previous studies have shown that ciliogenesis and ciliary 
disassembly modulate the switch from β-catenin-dependent 
canonical to non-canonical Wnt signaling pathways [36, 51]. 
Therefore, we examined the impact of BBS-regulated ciliary 
disassembly components on Wnt signaling. β-catenin is a 
direct substrate of HDAC6, which deacetylates β-catenin at 
lysine residue (K49), inhibiting downstream phosphoryla-
tion [52]. This results in β-catenin stabilization and nuclear 
accumulation. Although we and others have shown that sup-
pression of BBS genes results in stabilization of β-catenin 
and altered regulation of downstream Wnt targets [18, 38], 
the mechanisms that cause this stabilization are not yet 
known. Loss of BBS is not thought to directly affect the 
core activity of the proteasome [38], which suggests a defect 
in phosphorylation and subsequent targeting of β-catenin 
for degradation. Since the stability of β-catenin is mediated 
by various specific phosphorylation and acetylation events 
at different sites, we hypothesized that upon loss of BBS, 
β-catenin becomes differentially modified. Consistent with 

this, the level of acetylated β-catenin (Lys49) was reduced 
after BBS8 or BBS6 KD in hTERT-RPE1 cells as quantified 
by Western blotting (Fig. 7a). We also sought to identify 
further downstream phosphorylation events of β-catenin 
that lead to degradation. Using phospho-specific antibodies, 
we detected a decrease in phosphorylation at T41/S45 and 
S33/37/T41 as a result of BBS8 and BBS6 KD (Fig. 7b, c).

To strengthen our findings on Western blot, we performed 
immunocytochemistry using an antibody against acetylated 
β-catenin (Lys49) and observed a reduction in nuclear fluo-
rescence intensity upon BBS KD. Treatment with HDAC6 
inhibitor tubacin rescued the levels of acetylated β-catenin 
K49 in BBS-deficient cells (Fig. 7d, e). Previous studies 
showed that phospho-(S33/37/T41)-β-catenin localizes to 
the base of the cilium [51, 53]. We observed localization of 
phospho-(S33/37/T41)-β-catenin not only to the basal body, 
but also in the nucleus (Fig. 7f). Upon KD of BBS8 and 
BBS6, this nuclear localization is diminished while localiza-
tion at the basal body is often absent (Fig. 7f, g).

Reduction of phosphorylation at S33/37/T41 ultimately 
results in reduced degradation and consequent increase in 
levels of total β-catenin as observed in Western blot (Fig. 7h, 
i). This increased level of total β-catenin translated to 
increased levels of β-catenin activity as measured via lucif-
erase assays (Fig. 7j). Stimulation with Wnt3a conditioned 
medium significantly increased β-catenin driven TCF/LEF 
transcription after BBS8 or BBS6 KD. In contrast to phos-
phorylation at S33/37/T41, phosphorylation at S552 causes 
stabilization and nuclear accumulation of β-catenin [54]. 
Consistent with this, and the increased activity of β-catenin, 
we detected elevated expression and nuclear accumulation 
of pS552 β-catenin in nonciliated BBS8 KD cells (Fig. 7k, 
l). Together, these experiments show that loss of BBS mole-
cules influences post-translational modification of β-catenin, 
which ultimately regulates its signaling activity.

Discussion

In the present work, we demonstrate that ciliary traffick-
ing proteins are required for homeostasis of primary cili-
ary disassembly components, specific regulation of which 
is required for ciliary retraction and regulation of signal-
ing pathways. Precise regulation of ciliation is an absolute 
requirement for tissue differentiation [8, 55]. We focused our 
attention on BBS proteins known to be required for ciliary 
trafficking, in particular on a component of the Bbsome, 
BBS8, and a component of the chaperonin complex, BBS6, 
thought to be required for Bbsome assembly [55–58].

The RPE is a ciliated epithelial monolayer essential for 
visual function. Insights into RPE maturation can be extrap-
olated to other epithelial tissues for example lung epithelial 
cells [19]. In mice we showed that as the RPE matures, the 

Fig. 6  Inhibition of ciliary disassembly components rescues BBS 
mediated ciliary disassembly. Representative immunofluorescence 
images of cilia stained with antibodies against acetylated α-tubulin 
(Ac.tubulin, red) and Arl13b (green), from non-targeting control 
(NTC), BBS8 and BBS6 knockdown (KD) hTERT-RPE1 cells 
treated with and without HDAC6 inhibitor, tubacin (a). Quantifica-
tion of ciliary length show that tubacin treatment did not affect cili-
ary length in control, yet was able to increase ciliary length in BBS8 
and BBS6 KD cells (b). Quantification of ciliated cells showed that 
treatment with tubacin had no effect on ciliation (c). Treatment with 
AurA inhibitor I was also able to significantly increase ciliary length 
in BBS8 and BBS6 KD cells. BBS8 and BBS6 KD tubacin-treated 
cells show a greater increase in cilia length in comparison to their 
DMSO mock-treated counterparts, while control cells showed mini-
mal increase (d, e). KD of HEF1 increased ciliary length in control 
hTERT-RPE1 cells. Double KD of HEF1 and BBS8 or BBS6 was 
able to reverse the ciliary disassembly phenotype observed in BBS8 
or BBS6 KD (f, g). A model showing the inhibition or KD of cili-
ary disassembly components causes rescue of cilia length in BBS 
KD hTERT-RPE1 cells (h). Statistical analyses in b, c, e, g were 
done using the Sidak’s multiple comparison test from two independ-
ent experiments. The length of at least 1000 cilia from the six dif-
ferent treatment groups (NTC treated, untreated, BBS8/6 KD treated, 
untreated) in each experiment (Tubacin treatment, AurA treatment 
and Hef1 KD) were measured. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; 
ns not significant. KD Knockdown, NTC non-targeting control, SS 
serum-starved
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primary cilium retracts with only a few stunted cilia being 
retained after birth. Cilia dysfunction in knockout mice 
resulted in abnormal RPE patterning in part due to defec-
tive RPE maturation (this and previous study) [19]. Retrac-
tion of the primary cilium is accompanied by expression of 
ciliary disassembly components suggesting that loss of the 
primary cilium is a tightly controlled cellular event. Inter-
estingly, such mechanisms of ciliary disassembly are also 
observed in other tissues, such as in the auditory hair cells 
of the inner ear [6]. Here, the kinocilium plays an impor-
tant role during development of the Organ of Corti but is 
reabsorbed by post-natal day 10 [59]. Because cilia are not 
retained, we suggest that they are less likely to be essential 
for cellular function in adult RPE, but more likely required 
for regulating signaling processes during development as 
we have recently demonstrated [19]. Since retraction of the 
primary cilium in the RPE is accompanied by the expression 
of ciliary disassembly components in vivo, we focused our 
attention on the molecular control of these processes.

The most common pathways that govern ciliary disassem-
bly are through AurA, HEF1 and HDAC6 [10, 22]. Previous 
reports have shown that BBS proteins regulate cilia length 
[27] and that BBIP10 (BBS18), an additional subunit of the 
BBSome, interacts directly with HDAC6 [37], yet the molec-
ular mechanisms underlying this phenomenon have not been 
elucidated. Here, we observed that the loss of BBS proteins 
resulted in increased levels of HDAC6 and that inhibition of 
HDAC6 resulted in a rescue of cilia length in BBS KD cells. 
Similarly, inhibition of AurA and HEF1 also resulted in res-
cue of cilia length. Therefore, we propose that BBS proteins 
maintain cilia length by suppressing HEF1-AurA-HDAC6-
mediated disassembly (Fig. 8). Although the total levels of 
pAurA were not changed upon BBS KD, since inhibition of 
AurA activity rescued the ciliary length defect in these cells, 
this suggests a difference in activity.

Because Inversin (NPHP2), a key ciliary protein, influ-
ences ciliary disassembly via inhibiting AurA [35, 36] 
and is also a key mediator of Wnt signaling, we postulated 
that the role of BBS proteins in ciliary disassembly may 
in part be mediated via Inversin. We show that BBS pro-
teins are required for Inversin protein expression at the 
base of the cilium, thereby regulating AurA phosphoryla-
tion and subsequent ciliary disassembly. AurA can also be 
activated by other proteins such as Pitchfork, calmodulin, 
trichoplein, HIF1α (Hypoxia-inducible factor 1-alpha) or 
Plk1(Polo-like-Kinase 1) [60]. Moreover, some kinesins 
such as Kif2a (Kinesin family member 2a) might also be 
involved as they are direct targets of AurA [61]. Therefore, 
BBS proteins could also be acting upon these regulators. In 
support of this, some of these proteins have already been 
shown to interact with other ciliary proteins [62, 63]. BBS 
proteins may also influence other ciliary length regulating 
components such as CPAP (Centrobin-mediated Regulation 
of the Centrosomal Protein 4.1-associated Protein), Nde1 
(Nuclear distribution protein nudE homolog 1) and OFD1 
(oral–facial–digital syndrome 1) proteins [64], which remain 
to be addressed.

Previous studies showed that BBS proteins interact with 
proteasomal subunits regulating the composition of the cen-
trosomal proteasome [38, 65]. Consequently, loss of BBS 
proteins results in altered signal transduction due to defects 
in proteasomal clearance of key signaling proteins includ-
ing β-catenin [38, 65]. Here, we show that the loss of BBS 
proteins decreases the stability of HEF1 and AurA proteins. 
A partial recovery of these proteins is observed upon inhibit-
ing proteasomal function using MG132, suggesting that BBS 
proteins protect Hef1 and AurA from proteasomal degrada-
tion and thus inhibit ciliary dissasembly. Increased stability 
of β-catenin (discussed below) and subsequent upregula-
tion of canonical Wnt signaling upon BBS KD may also 
in part be ascribable to defects in proteasomal clearance. 
Similarly, the cilia protein RPGRIP1L (RPGR-Interacting 

Fig. 7  BBS-mediated regulation of ciliary disassembly components 
alters post-translational modification of β-catenin. Western blot analy-
sis and quantification show reduced acetylation of β-catenin at K49 
(a) and consequently reduced phosphorylation at p41/44 (b) and 
p33/37/41 (c) upon BBS8 and BBS6 knockdown (KD) in hTERT-
RPE1 cells, suggesting an increase in stable and active β-catenin. 
Immunocytochemistry and quantification using an antibody against 
acetylated β-catenin K49 (green) show reduced expression in the 
nucleus upon BBS8 and BBS6 KD compared to non-targeting control 
(NTC) in hTERT-RPE1 cells (d). Cells were co-labeled with Arl13b 
(red) to confirm reduction in ciliary length. Reduced β-catenin K49 
expression could be rescued by treatment with HDAC6 inhibi-
tor tubacin (n ≥ 100 for each group) (d, e). Immunocytochemistry 
using an antibody against β-catenin pS33/37/T41 (green), a target of 
β-catenin acetylation, shows expression at the base of the cilium and 
in the nucleus in NTC hTERT-RPE1 cells (f, g). Ciliary axoneme is 
marked by acetylated α-tubulin (Ac. tubulin, red), and the basal body 
by Pericentrin 2 (PCNT2, magenta). Quantification confirms reduced 
localization of β-catenin pS33/37/T41 at the basal body upon BBS8 
and BBS6 KD (g). BBS8 and BBS6 KD cause less β-catenin deg-
radation, resulting in increased levels of total β-catenin in hTERT-
RPE1 cells, as quantified from Western blot (h, i). This was con-
firmed by a TCF/LEF luciferase activity assay that measures the 
transcriptional activity of β-catenin enzymatically. Luciferase activity 
in Wnt3a-treated non-targeting control HEK cells is upregulated com-
pared to the untreated control. The Wnt response (luciferase activity) 
is significantly enhanced upon the suppression of BBS8 and BBS6 
(j). Immunofluorescence analysis and quantification show increased 
stability and nuclear translocation of active β-catenin pS552 (green) 
in non-ciliated hTERT-RPE1 cells after BBS8 KD (n = 263 for NTC 
and 100 for BBS8 KD) (k, l). Cells were co-labeled with Ac. tubulin 
(green) to confirm reduction in ciliary length. Quantification of West-
ern blot data was normalized to GAPDH levels. Bar charts in a–c 
show relative protein expression in arbitrary units (A.U.). Data in a, 
b, c, i, j are expressed as mean ± SD, n = 3 separate experiments. Data 
in g show mean ± SD, two independent experiments. Statistical analy-
ses in a, b, c, g, i were done using the Dunnett’s multiple comparison 
test. Data analyses in e, j, k were performed using Sidak’s multiple 
comparison test. p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ns not signifi-
cant. Scale bars: a, e 10 µm; b 2 µm; h 5 µm
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Protein 1-Like) has been shown to protect canonical Wnt 
components (dishevelled) from proteasomal degradation at 
the basal body [53, 66]. Because HEF1 stabilization differed 
in BBS8 compared to BBS6 KD cells, it suggests differ-
ences in the functional role of the BBSome vs. the BBS 
chaperonins. One explanation for reduced protein levels of 
HEF1 in serum-starved BBS8 KD cells could be a feedback 
loop mechanism. Since it is clear from our experiments that 
BBS8 KD cells experience increased cilia disassembly, these 
cells may be trying to maintain homeostasis by mediating 
increased degradation of HEF1, in an effort to maintain cilia 
length and limit the extent of cilia disassembly. This phe-
nomenon is intriguing, especially considering that we only 
see this after BBS8 KD and not after BBS6 KD, which war-
rants more in depth examination in the future.

In an effort to elucidate the underlying mechanisms 
affecting β-catenin stability upon loss of cilia function, 
we focused our attention on post-translational modifica-
tions (PTMs) of proteins associated with proteasomal deg-
radation [41]. HDAC6 physically interacts and acetylates 
β-catenin [52] resulting in altered Wnt signaling. Several 
studies have demonstrated the importance of PTMs such 

as ubiquitination, phosphorylation, acetylation and gluta-
mylation in various signaling processes [67]. PTMs such 
as phosphorylation also actively influence the process of 
ciliogenesis and maintenance [68]. Targeting β-catenin for 
degradation is a complex process involving PTMs at vari-
ous sites [41]. HDAC6 deacetylation of β-catenin at K49 
inhibits downstream phosphorylation. Because HDAC6 
was increased in the absence of BBS proteins, we observed 
less acetylation at K49, which results in less β-catenin 
phosphorylation at T41/S45 and S33/37/T41. Thus, less 
β-catenin is targeted for degradation. Moreover, upon loss 
of BBS proteins, β-catenin is actively phosphorylated at 
S552, a modification that increases its stabilization and 
nuclear localization (our data and previous data [19]). 
Together, these dysregulated PTMs result in aberrant 
canonical-Wnt hyperactivation upon loss of BBS protein 
function. Although we and others [52] have observed that 
HDAC6 and AurA can modify β-catenin levels, very little 
is known about the nature of this regulation which needs 
further elucidation.

In conclusion, we observed transient expression of the 
primary cilium in the developing mouse RPE. As the RPE 

Fig. 8  Model of BBS-mediated regulation of ciliary disassembly. 
BBS proteins interact with Inversin and regulate its expression at 
the base of the cilium. Inversin inhibits HEF1/AurA, inactivating 
histone deacetylase HDAC6 thus preventing ciliary disassembly. As 
a consequence of dormant HDAC6, β-catenin remains acetylated 
and phosphorylated, thereby undergoing proteasomal degradation. 
Upon BBS suppression, Inversin expression decreases at the base of 

the cilium. This leads to phosphorylation and activation of AurA via 
HEF1, resulting in upregulation and activation of HDAC6. HDAC6 
deacetylates β-catenin, hence preventing further phosphorylation and 
degradation. Consequently, β-catenin is stabilized and translocates to 
the nucleus activating canonical Wnt signaling. This also regulates 
ciliary length
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matures, primary cilia retract, which are accompanied 
by altered expression of Hef1, AurorA and Hdac6, key 
mediators of ciliary disassembly. In control cells, BBS 
proteins protect against ciliary disassembly whereas the 
loss of BBS proteins results in altered ciliary disassembly 
components, including HDAC6, likely via interaction and 
trafficking of Inversin. This results in HDAC6-mediated 
downstream cross-talk between ciliary disassembly signal-
ing and canonical-Wnt signaling, leading to PTMs result-
ing in canonical-Wnt hyperactivation. Taken together, 
we furthered our understanding into how ciliary proteins 
modulate cellular signaling pathways and contribute to 
maturation of epithelial tissues.

Materials and methods

Animals

All mouse experiments had ethical approval from appro-
priate governing bodies. Experiments were performed in 
accordance with guidelines provided by ARVO (Associa-
tion for Research in Vision and Ophthalmology). Animals 
were housed under a 12 h light–dark cycle. The morning 
after mating was considered E0.5 and up to 24 h after birth 
was considered P0. C57BL/6 mice were used for control at 
embryonic (E14.5, E16.5 and E18.5), and post-natal stages 
(P1, P7 and adult). Bbs6 and Bbs8 knockout mice have been 
previously described [1, 69].

Cell culture

hTERT-RPE1 and HEK293T cells were obtained from 
ATCC and cultured in Dulbecco’s modified Eagle’s medium 
(DMEM)-F12 (Thermo Fisher) or DMEM (Thermo Fisher) 
supplemented with heat-inactivated 10% fetal bovine serum 
(FBS) (LONZA), and 1% penicillin/streptomycin (P/S) 
(Thermo Fisher) (Referred to as complete media). Immor-
talized kidney medullary (KM) cells were obtained from P. 
Beales and cultured as previously described [27].

Antibodies and siRNAs

For immunofluorescence, antibodies used were anti-Arl13b 
(Rb, 1:1000; Proteintech, 17711-1-AP), anti-acetylated 
α-tubulin (Mm, 1:800; Sigma, T6793), anti-GT335 (Mm, 
1:200; Adipogen, AG-20B-0020), anti-β-catenin (Rb, 1:150; 
CST, D10A8), anti- acetylated α-tubulin (Rb, 1:1000; 
Abcam, ab11317), anti-pericentrin2 (Gt, 1:200; SantaCruz, 
SC28145), and anti-ZO-1 (Mm, 1:150; Thermo Fisher, ZO1-
1A12, 339188), anti-GFP (Rb, 1:5000; Clontech, 632592), 

anti-Aurora A (D3E4Q) (Rb, 1:100; CST, 14475), anti-phos-
pho-Aurora A (Thr288) (C39D8) (Rb, 1:50; CST, 3079), 
anti-phospho-β-Catenin (Ser33/37/Thr41) (Rb, 1: 200; CST, 
9561), anti-Acetyl-β-Catenin (Lys49) (D7C2) (Rb, 1: 150; 
CST, 9030), and anti-NPHP2 (Rb, 1:150; Abcam, ab65187). 
The primary antibodies were detected using Alexa Fluor 
488, 555 and 568 (1:400; Molecular Probes) and CF™640R 
(1:400; Biotium) conjugated secondary antibodies.

For western blot, antibodies used were anti-myc-Tag 
(9B11) (Mm, 1:1000, CST, 2276), anti-GFP (Rb, 1:1000; 
Clontech, 632592), anti-Aurora A (D3E4Q) (Rb, 1:1000; 
CST, 14475), anti-phospho-Aurora A (Thr288) (C39D8) 
(Rb, 1:1000; CST, 3079), anti-β-Catenin (D10A8) (Rb, 
1: 1000; CST, 8480), anti-phospho-β-Catenin (Ser33/37/
Thr41) (Rb, 1: 1000; CST, 9561), anti-phospho-β-Catenin 
(Thr41/Ser45) (Rb, 1: 1000; CST, 9565), anti-Acetyl-β-
Catenin (Lys49) (D7C2) (Rb, 1: 1000; CST, 9030), anti-
HEF1/NEDD9 (2G9) (Mm, 1: 1000; CST, 4044), anti-
HDAC6 (D2E5) (Rb, 1: 1000; CST 7558). Secondary 
antibodies used were IRDye 800 and IRDye 680 (Rb, Mm 
or Gt; 1:10000; Li-cor Bioscience).

For flow cytometry, a primary antibody against Aurora A 
(D3E4Q) (Rb, 1:100; CST, 14475) and a secondary Alexa 
Fluor 488-labelled anti-rabbit antibody (1: 250) were used. 
Propidium iodide (PI, Thermo Fisher, P3566)) at 50 μg/ml 
was used for cell cycle analysis.

siRNA was used in our study to knockdown (KD) BBS6 
and BBS8 in hTERT-RPE1 cells. BBS8 siRNA (HSC.RNAI.
N198309.12; IDT), BBS8 siRNA (L-021417-02-0005; 
Dharmacon), BBS6 siRNA (L-013300-00-0005), HEF1 
siRNA (hs.Ri.NEDD9.13; IDT) and non-targeting siRNA 
(D-001810-10-05) were used.

Transfections and treatments: Plasmid transfections were 
performed using GeneTrap transfection reagent (made at 
NEI, NIH, Bethesda, MD, USA). In brief, 6 μl of GeneTrap 
transfection reagent was diluted in 90 μl of DMEM, incu-
bated for 5 min followed by addition of 2 μg plasmid and 
then incubated for 20 min at room temperature (RT). The 
transfection mix was added dropwise to cells in a 6-well 
plate containing 2 ml complete media. siRNA transfec-
tions were performed in 6-well plates with Lipofectamine 
RNAiMax transfection reagent (Thermo Fisher; 13778150) 
using a reverse transfection protocol according to the man-
ufacturer’s instructions. To induce cilia formation, 24 h 
post-transfection cells were serum-starved with Opti-MEM 
(Thermo Scientific) for up to 48 h. For proteasome, AurA 
or HDAC6 inhibition experiments, 48 h post-transfections 
cells were serum-starved for 24 h followed by treatment with 
10 µM MG132 (Calbiochem), 1 µM AurA Inhibitor I (Sell-
eckchem) and 2 µM tubacin (Sigma), respectively, for the 
indicated time (5 h) followed by western blot analysis and 
immunofluorescence. DMSO was taken as vehicle control 
for treatments.
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Tissue preparation and Immunohistochemistry

Mouse eyes were enucleated and immersed in cold phos-
phate-buffered saline (PBS) and kept on ice for 20 min. 
Eyes were then placed in 1X PBS and the cornea, lens 
and retina were removed. The resulting eyecups were then 
fixed with 4% paraformaldehyde (PFA) in PBS for 1 h at 
RT, then washed three times with 1X PBS and incubated 
with 50 mM  NH4Cl for 10 min, followed by incubation with 
β-Mercaptoethanol for 10 min. Eyecups were permeabilized 
with PBSTX (0.3% Triton-X) and blocked with blocking 
buffer (0.1% Ovalbumin, 0.5% Fish gelatine in PBS) at RT 
for 2 h followed by overnight incubation in primary antibody 
at 4 °C. Samples were washed three times with 1X PBS fol-
lowed by incubation in secondary antibody and DAPI for 
2 h at RT. Finally, samples were washed with PBS for three 
times before mounting on glass slides. Cells close to the 
optic nerve were considered near the center; cells closer to 
the edge of the eye cup were considered as peripheral. For 
isolation of pure RPE cells, eyecups were incubated with 
trypsin at 37 °C for 30–90 min depending on the age of tis-
sue. RPE cells were mechanically removed from underlying 
choroid and isolated by hand. Choroidal and retinal contami-
nation was checked via qPCR. Contaminated samples were 
removed from the analysis.

hTERT-RPE1 cells were fixed with 4% PFA for 10 min 
and permeabilized for 15 min with PBSTX. Immunostain-
ing was performed as described above. KM cells were fixed 
with 100% methanol for 10 min on ice. Immunostaining was 
performed as described above.

Specimens were imaged on a Leica DM6000B micro-
scope (Leica, Bensheim, Germany). Images were deconvo-
luted and co-localization profiles were generated with Leica 
imaging software (BlindDeblur Algorithm, one iteration 
step). Images were processed and cilia length measurements 
were performed using Fiji/ImageJ software (NIH, Bethesda, 
USA).

PLA assay

Direct in situ protein–protein interactions were investigated 
by means of a proximity ligation assay (PLA) using Duolink 
In Situ FarRed Kit Mouse/Rabbit (Sigma) according to 
the manufacturer’s instruction. Cells were incubated with 
anti-myc and anti-Inversin primary antibodies followed by 
anti-rabbit PLUS and anti-mouse MINUS secondary PLA 
probes. The two complementary oligonucleotides were then 
hybridized, ligated and rolling circle amplified by the pro-
vided polymerase, resulting in fluorescence signals when the 
targeted proteins were closer than 40 nm. TRITC–phalloidin 
(Sigma) was used for visualization of cells and DAPI for 
nuclear staining.

Fluorescence‑activated cell sorting (FACS) analyses

For FACS, RPE1 cells were stained with an antibody 
directed against intracellular AurA. Recovered cells were 
fixed using 4% PFA for 10 min and washed three times with 
PBS. Cells were permeabilized with 90% ice-cold metha-
nol for 30 min and rinsed three times. Cells were blocked 
using 0.5% bovine serum albumin (BSA) in PBS and incu-
bated with AurA for 1 h at RT, then washed three times with 
0.5% BSA/PBS. After incubation with a secondary antibody 
(Alexa Fluor 488-labelled anti-rabbit) for 45 min at RT, 
cells were finally washed with 0.5% BSA/PBS. Cells were 
acquired using the Invitrogen Attune NxT Flow Cytometer 
(Thermo Fisher Scientific, Inc., USA), and analyzed using 
FlowJo (Treestar, CA, USA). For cell cycle analysis, RPE1 
cells were detached and fixed with 70% ethanol for 30 min, 
followed by incubation with 100 μg/ml RNase A solution 
and 50 μg/ml propidium-iodide solution. Samples were 
acquired and analyzed as described above.

Pulldown and western blotting

For pulldown experiments, HEK cells were transiently co-
transfected with Inversin-GFP and pCMV-BBS6/2-myc [27] 
or empty plasmids. 48 h post-transfections cells were lysed 
using RIPA buffer supplemented with EDTA-free protease 
inhibitor cocktail (Halt™ Protease and Phosphatase Inhibitor 
Cocktail (100X), Thermo Fisher). Pulldown was performed 
using agarose beads (GFP-Trap-A, ChromoTek) according 
to the manufacturer’s instructions followed by western blot. 
Proteins were harvested in Laemmli sample buffer and sepa-
rated on 8–10% SDS–polyacrylamide gel (PAGE), followed 
by transfer PVDF membrane  (Immobilon®-FL PVDF mem-
brane, Sigma, 05317). The blots were blocked with 5% milk 
or Applichem blocking buffer (0.2% AppliChem Blocking 
Reagent, 10 mM TrisHCl, 150 mM NaCl, 0.04% NaN3, in 
ddH2O; pH 7.4) and probed with antibodies as listed above. 
The blots were scanned for infrared fluorescence at 680 or 
800 nm using the Odyssey Infrared Imaging System (Licor). 
Densitometry analysis was performed with Fiji/ImageJ soft-
ware (NIH, Bethesda, MD, USA) and the expression levels 
were normalized to the input.

Quantitative real‑time reverse transcriptase 
polymerase chain reaction

The total RNA was extracted either from hTERT-RPE1 
cells, retina or RPE tissue using TRIzol reagent (Thermo 
Fisher, 15596026) following manufacturer’s instructions. 
1 μg of RNA was reverse transcribed to cDNA using GoS-
cript reverse transcription system (Promega, A5000). cDNA 
was amplified on a StepOnePlus™ Real-Time PCR System 
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(Applied Biosystems, 4376600) using SYBR Green (Thermo 
Fisher; Platinum™ SYBR™ Green qPCR SuperMix-UDG, 
11733046) according to the manufacturer’s recommenda-
tion. The following cycling conditions were used: 95 °C for 
10 min followed by 40 cycles of 95 for 15 s, 60 for 1 min. 
Specificity of the amplified product was determined by melt 
curve analysis. Relative target gene expression was normal-
ized to GAPDH and analyzed by comparative Ct or  2ΔΔCT 
method [70, 71]. For a list of primers used, see Table 1.

Electron microscopy

Electron microscopy was performed as previously described 
[72].

Luciferase assay

To monitor the activity of the Wnt/β-catenin signaling 
pathway characterized by TCF/LEF-dependent target gene 
transcription, reporter gene assays were performed with the 
Dual-Glo® Luciferase Assay System (Promega) in a 96-well 
plate. BBS6 and BBS8 siRNA-mediated KD in HEK293T 
cells were performed using Lipofectamine RNAiMax trans-
fection reagent (Thermo Fisher) using a reverse transfec-
tion protocol according to the manufacturer’s instructions. 
After 24 h cells were transiently transfected with plasmids 
by X-tremeGENE™ 9 DNA Transfection Reagent (Sigma) 
according to the manufacturer’s protocol. Plasmids used 
were pRL-TK (Renilla luciferase, 1 ng), TopFlash (5 ng) and 
the total amount of transfected DNA was equalized to 80 ng 
by addition of pcDNA3. 24 h post-transfections cells were 

stimulated with Wnt3a conditioned media and luciferase 
activity was measured after 24 h in a Tecan Infinite M200 
Pro plate reader. Firefly luciferase activity was normalized 
to Renilla luciferase activity in each well.

Statistical analysis

Statistical analysis was performed using Graphpad Prism 
7.0 software (GraphPad Software Inc., San Diego, CA, 
USA). For multigroup comparisons, ANOVA followed by 
Dunnett’s multiple comparison test, Turkeys multiple com-
parison test and Sidak’s multiple comparison test was per-
formed depending of the data to be compared. Differences 
between two groups were compared using a nonparametric 
Mann–Whitney U test. p value of 0.05 and below was con-
sidered statistically significant. Statistical tests and number 
of repetitions are described in the legends. Box plots show 
median (middle line), edge of boxes is top and bottom quar-
tiles (25–75%), and whiskers represent the ranges for the 
upper 25% and the bottom 25% of data values. Outliers were 
excluded using the ROUT method (GraphPad Prism). Bar 
plots show mean ± standard deviation (SD).
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Publication II – Loss of Ciliary Gene Bbs8 Results in Physiological Defects in the 

Retinal Pigment Epithelium (First Author; Published) 

In this publication, we show that upon loss of Bbs8, the RPE shows changes in gene and 

protein expression of components initially involved in signaling pathways and developmen-

tal processes, and at a later time point, RPE homeostasis and function. We further demon-

strated that this led to defective cellular polarization and morphology associated with a 

possible epithelial-to-mesenchymal transition (EMT)-like phenotype of the RPE cells. For the 

first time, the importance of ciliary proteins in the RPE and their contribution to visual dis-

orders have been emphasized. All of which must be considered when designing treatment 

strategies for retinal degeneration. As the Bbs8 knockout model is a global knockout, we 

further sought to investigate the effect of ciliary dysfunction only in the RPE. 
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Primary cilia are sensory organelles vital for developmental and physiological processes.

Their dysfunction causes a range of phenotypes including retinopathies. Although

primary cilia have been described in the retinal pigment epithelium (RPE), little is

known about their contribution to biological processes within this tissue. Ciliary proteins

are increasingly being identified in non-ciliary locations and might carry out additional

functions, disruption of which possibly contributes to pathology. The RPE is essential for

maintaining photoreceptor cells and visual function. We demonstrate that upon loss of

Bbs8, predominantly thought to be a ciliary gene, the RPE shows changes in gene and

protein expression initially involved in signaling pathways and developmental processes,

and at a later time point RPE homeostasis and function. Differentially regulated molecules

affecting the cytoskeleton and cellular adhesion, led to defective cellular polarization and

morphology associated with a possible epithelial-to-mesenchymal transition (EMT)-like

phenotype. Our data highlights the benefit of combinatorial “omics” approaches with

in vivo data for investigating the function of ciliopathy proteins. It also emphasizes the

importance of ciliary proteins in the RPE and their contribution to visual disorders, which

must be considered when designing treatment strategies for retinal degeneration.

Keywords: cilia, ciliopathy, retinal pigment epithelium, genetic disease, molecular medicine, RPE,

Epithelial-to-Mesenchym Transition (EMT)

INTRODUCTION

Primary cilia are microtubule-based sensory organelles extending from the cell membrane and
are indispensable for a variety of developmental and physiological processes. As such, they are
considered as signaling hubs that transmit extracellular signals, and are involved in regulatingmany
signaling pathways, including Wnt, hedgehog, and transforming growth factor β (Tgf-β) (Fliegauf
et al., 2007; Ishikawa andMarshall, 2011; May-Simera et al., 2017, 2018; Pala et al., 2017). Defects in
primary cilia function or assembly lead to a wide range of diseases, collectively termed ciliopathies.
Since nearly every cell exhibits a primary cilium, ciliary dysfunction leads to a multitude of different
phenotypes, with retinopathy being the most common (Waters and Beales, 2011; May-Simera
et al., 2017). The Bardet-Biedl syndrome (BBS) was one of the first ciliopathies described. BBS
genes encode proteins required for ciliary trafficking, making them essential for maintenance and
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function of primary cilia and as such for development and
homeostasis of various tissues and organs (Goetz and Anderson,
2010; Waters and Beales, 2011; Forsythe and Beales, 2013;
Valverde et al., 2015). Ciliary proteins are increasingly being
identified in non-ciliary locations and might carry out additional
functions, disruption of which possibly contributes to pathology
(Novas et al., 2015; Marchese et al., 2020).

Most research on the retinal aspect of ciliopathies has mainly
focused on the photoreceptor, whose outer segment (POS) is a
highly specialized primary cilium with the so-called connecting
cilium akin to the ciliary transition zone. To date, there is limited
information on the contribution of primary cilia in other ocular
cell types. Probably, themost relevant ciliated tissue in addition to
the photoreceptor cells is the retinal pigment epithelium (RPE).
Our recent discoveries did indeed reveal an indispensable role for
primary cilia in maturation and functional polarization of this
tissue (May-Simera et al., 2018; Patnaik et al., 2019). The RPE
is a monolayer of pigmented epithelial cells intercalated between
the neural retina and the choriocapillaris of the eye and forms
part of the blood-retinal barrier (BRB). With their long apical
microvilli, RPE cells ensheath the light-sensitive POS leading to
the functional interaction between both tissues (Strauss, 2005;
Willoughby et al., 2010). The RPE has additional roles which
are critically dependent on maintaining its epithelial phenotype:
absorption of scattered photons, regeneration of 11-cis retinal in
the visual cycle, phagocytosis of shed POS, secretion of various
growth factors, transepithelial transport of nutrients and ions,
and the maintenance of photoreceptor cells. Therefore, RPE
dysfunction and associated failure of one ormore of its functional
processes are often linked with retinal degeneration and vision
impairment (Strauss, 2005; Bharti et al., 2011; Chen et al., 2019).

We have previously shown that primary cilia are crucial for
maturation and polarization of induced pluripotent stem cells
(iPSC)-RPE in vitro (May-Simera et al., 2018). As a consequence
of inefficient ciliogenesis and therefore of incomplete RPE
maturation, the RPE cells showed reduced expression of adult
RPE-specific genes, defective apical microvilli morphology, as
well as reduced functionality. Confirming this, we demonstrated
that primary cilia dysfunction in vivo leads to changes in RPE
cell morphology, including underdeveloped tight junctions and
apical microvilli in newborn (P0) cilia mutant mice (May-
Simera et al., 2018). However, to date, long-term consequences of
primary cilia dysfunction in the RPE remain to be investigated.
The present study was aimed at elucidating these effects in
vivo on the maturation and homeostasis of the RPE as the
tissue ages. To do so, we again turned to the Bardet-Biedl
syndrome protein (Bbs)-deficient mouse model, as Bbs knockouts
display significantly reduced and dysfunctional primary cilia
(Ross et al., 2005; Tadenev et al., 2011). The Bbs8/Ttc8 gene
encodes a component of the “BBSome,” a protein complex
required for ciliary trafficking (Tadenev et al., 2011). We used
a Bbs8-knock out model since loss of Bbs8 has one of the most
pronounced ciliopathy phenotypes particularly with regard to
visual dysfunction (Tadenev et al., 2011; Dilan et al., 2018; May-
Simera et al., 2018; Kretschmer et al., 2019; Patnaik et al., 2019).

Our data provides evidence of how loss of ciliary gene/protein
Bbs8 results in physiological defects affecting RPE homeostasis

and function, characterized by alteration in both gene and protein
expression profiles.

RESULTS

Transcriptomic Analysis of Bbs8-Deficient
RPE Reveals Mis-regulation of Genes
Involved in Numerous RPE-Essential
Processes
Wepreviously demonstrated thatBbs8−/− mice show incomplete
maturation of the RPE at postnatal day 0 (P0) prior to
development of the POS, due in part to over-activation of
canonical Wnt signaling (May-Simera et al., 2018). However,
whether and how ablation of Bbs8 caused other developmental
defects, including alterations of RPE maturation and its crosstalk
with adjacent photoreceptor cells has been not been investigated.
We first explored the phenotypic consequences caused by loss
of Bbs8 in the RPE by focusing on patterns of gene expression.
We investigated the effect of Bbs8 deletion in the RPE by
carrying out an unbiasedQuantSeq 3′ mRNA sequencing analysis
of P11 and P29 RPE specimens isolated from Bbs8−/− and
Bbs8+/+ mouse eyes. At both time points, this analysis yielded
differentially expressed transcripts in Bbs8−/− RPE compared to
littermate controls. At P11, we observed up-regulation of 290
transcripts and down-regulation of 302 transcripts (Figure 1A,
Supplementary Tables 1, 3). At P29, 1,056 transcripts were up-
regulated, and 1220 transcripts were down-regulated (Figure 1A,
Supplementary Tabes 2, 4). This raised the possibility that loss
of Bbs8 may directly or indirectly influence expression of a large
number of genes and alter RPE maturation and function. To
better investigate this possibility, we compared the mis-regulated
genes with lists of RPE-specific genes, divided into fetal RPE-
specific, adult RPE-specific and RPE signature genes published
in Strunnikova et al. (2010) (Figure 1B, Supplementary Table 5).
Across all three categories a similar trend was observed at P11,
namely that ∼70% differentially expressed genes (DEGs) were
down-regulated and∼30%were up-regulated (Fetal RPE-specific
n = 6 genes, Adult RPE-specific n = 10 genes, RPE signature
n = 18 genes). However, at P29 ∼90% of the fetal RPE-specific
genes were up-regulated, whereas∼65% of the adult RPE-specific
genes were down-regulated (Fetal RPE-specific n = 13 genes,
Adult RPE-specific n = 26 genes, RPE signature n = 51 genes).
Suggesting a delay in RPE maturation in the mutants.

To explore the biological significances of these transcriptomes,
we performed a gene ontology enrichment analysis (GOEA)
restricting the output to biological process (BP) terms at each
time point (see Figure 2 and Supplementary Table 6 for P11,
and Figure 3 and Supplementary Table 7 for P29). Figure 2

shows the top 25 most significant down-regulated and all six
up-regulated BP-clusters in which the inhibited and induced
transcripts, respectively, were mainly functionally enriched.
The Enrichment score (ES) represents the amount to which
genes in a gene ontology cluster are over-represented. The
ES scale can vary dependent on how genes cluster in a
given term. At P11 most of the DEGs involved signaling and
developmental processes (Figure 2, Supplementary Table 6),
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FIGURE 1 | Loss of Bbs8 induces a switch in RPE-specific gene expression from P11 to P29. (A) Venn diagram showing differentially expressed genes (DEGs)

obtained via transcriptomic analysis. The number of specific and common DEGs and the orientation of expression are shown. DW, down-regulated; UP, up-regulated.

(B) Pie charts depicting % up- or down-regulated genes for three different categories; fetal RPE-specific genes, adult RPE-specific genes and RPE signature genes.

At P11 all categories have an increased down-regulation. At P29 fetal RPE-specific genes and RPE signature genes become up-regulated.

while at P29 they involved RPE homeostasis and function
(Figure 3, Supplementary Table 7).

A comparison of DEGs in Bbs8−/− vs. control RPE at
two timepoints, P11 and P29, identified 65 mis-regulated

genes as shown in the Venn diagram in Figure 1A. Of
these 32 were up-regulated and 33 down-regulated at both
time points. We again performed GOEA analysis to identify
common biological processes. We identified three clusters of
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FIGURE 2 | Identification of the biological processes underlying the effect of the deletion of Bbs8 at P11 via gene ontology analysis. Top 25 significant Biological

processes (BPs) among the inhibited transcripts (A) and the 6 induced (B) in Bbs8−/− vs. Bbs8+/+. The Enrichment score for each BP cluster is plotted on the x-axis.

biological processes that were significantly up-regulated and
three that were significantly down-regulated. Up-regulated
processes included responses to metal ions (albeit only four
genes), processes involving cellular organization and apoptotic
processes (Figure 4A, Supplementary Table 8). Down-regulated
processes included responses to endogenous stimuli, processes
involving signal transduction and visual perception (Figure 4A,
Supplementary Table 8). Since the genes involved in visual
perception included several photoreceptor-specific genes, we
attributed this cluster to contamination of adjacent tissues (see
discussion). The heatmap in Figure 4B visualizes differentially
regulated genes associated with these processes. Many mis-
regulated genes are involved in RPE polarization and function,
receptors and channel proteins (Trpm3, Drd4, Mt1), cytokines
(Vegfa, S100B) and genes encoding proteins involved in
phagocytosis and cellular metabolism (Anxa2, Ctsd, Ezr, Trf ).
Moreover, we detected an up-regulation of genes associated with

apoptotic processes suggesting possible pathological changes in
the Bbs8 knockout RPE as early as P11, not necessarily just
associated with a delay in maturation.

Proteomic Analysis of Bbs8-Deficient RPE
Suggests Loss of Functionality
To better investigate the phenotypic consequences associated
with Bbs8 depletion, we performed mass spectrometry-based
quantitative proteomics. We analyzed RPE cells isolated from
Bbs8−/− and Bbs8+/+ mice at P11 and P29. At both time points,
a significant mis-regulation of the proteome was observed.
In agreement with the transcriptomic analysis, we observed
more mis-regulation in P29 Bbs8−/− RPE even at protein level.
In Bbs8−/− at P11 we detected ten proteins down-regulated
and only one up-regulated (Figure 5A, Supplementary Table 9).
Several of these down-regulated proteins were associated with
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FIGURE 3 | Identification of the biological processes underlying the effect of deletion of Bbs8 at P29 via gene ontology analysis. Top 25 significant Biological pathways

(BPs) among the inhibited transcripts (A) and the induced (B) in Bbs8−/− vs. Bbs8+/+ are plotted. The Enrichment score for each BP cluster is plotted on the x-axis.

photoreceptor outer segment (POS) processes. Since many of
these proteins are not significantly changed at the transcript
level it suggests that they might come from POS. Their down-
regulation in the mutant might be due to alteration in POS

processing in the RPE, in defects in the POS phagocytosis
or both cellular processes. This last possibility is particularly
attractive, because RPE cells begin to extend their microvilli
by P5 to phagocytize shed POS around P11 (Mazzoni et al.,
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FIGURE 4 | GOEA of commonly regulated DEGs from Bbs8−/− RPE at P11 and P29. (A) We identified three clusters of Biological processes (BP) that were

significantly up-regulated and three that were significantly down-regulated at both time points. Terms are ranked according to the Enrichment score of each BP

cluster. Light bright green bar denotes photoreceptor-specific genes. DW, down-regulated; UP, up-regulated. (B) Heatmap of differentially regulated genes associated

with processes in A.

2014). Concordantly, our data also showed an increase in
the protein expression of mitochondrial transcription factor A
(Tfam). This data further indicated that Bbs8−/− RPE showed
a defect in the differentiation since, previous reports have
highlighted the relevance of Tfam up-regulation in modulating
cell differentiation (Collu-Marchese et al., 2015; Agostini et al.,
2016).

At P29, 50 proteins were up-regulated and 40 down-regulated
(Figure 5B, Supplementary Table 9). To gain insight into
differentially regulated processes, we performed an enrichment
analysis of the significantly dysregulated proteins. At P11 there
were not enough molecules to perform enrichment analysis.
At P29 we found integrin binding (GO:0005178) significantly
mis-regulated, including adhesion proteins such as Paxillin,

Thrombospondin, and Vitronectin. This data may suggest
defects in cellular adhesion. In an attempt to consolidate
our transcriptomic and proteomic datasets, we looked for
overlapping molecules (transcripts/proteins). At P11 only one
molecule (Gnat) was down-regulated in both data sets. At P29,
ten molecules were up-regulated in both data sets whilst seven
were down-regulated (Figure 5C). These include molecules
involved in metabolism and cytoskeletal components. The
proteomic data set at P29 contained at least eight other
up-regulated proteins involved in metabolism (Atp5j, Cox5b,
Slc25a11, Ndufa9, Timm9, Mtch1, Isca2, Timm8a1). It also
contained other down-regulated cytoskeletal proteins associated
with adhesion (Paxillin, Palmd, Limch1, Pdlim2, Ermn, Cttn).
The mis-regulation of this subset of proteins is indicative of
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FIGURE 5 | Proteomic analysis shows an increase in mis-regulated proteins in P29 Bbs8−/− RPE. (A) Volcano plot showing significantly up-regulated (red) and

down-regulated (green) proteins in P11 Bbs8−/− RPE compared to controls. (B) Volcano plot showing significantly up-regulated (red) and down-regulated (green)

proteins in P11 Bbs8−/− RPE compared to controls. (C) Comparison of Proteome and Transcriptome data. Chart shows commonly up or down-regulated molecules

at P29 with gene symbols, descriptions and related GO terms.
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significant metabolic or physiologic changes likely affecting
function and not just a delay in maturation in the RPE upon loss
of Bbs8.

Loss of Bbs8 Results in Defective RPE-Cell
Morphology
Since several dys-regulated molecules were involved in adhesion,
and RPE function is critically dependent on a tightly connected
monolayer epithelium, we examined RPE cellular morphology
and patterning in RPE flatmount preparations from Bbs8−/−

and Bbs8+/+ mice. We stained for F-actin, a cytoskeletal marker,
and zonula occludens-1 (ZO-1), a tight junction protein, at
different time points (P0, P11, P29, and P81) (Figure 6A).
From P11 onwards, we observed a progressive loss of the
typical hexagonal, honeycomb-like structure in Bbs8−/− RPE
cells compared to control. This morphological phenotype was
accompanied by discontinuous staining of both F-actin and
ZO-1 markers (arrowheads). Morphology of the RPE cells was
significantly impaired and culminated in evident distortion or
complete disruption of cytoplasmic membranes (asterisks) at
P81. In contrast to this, cellular morphology in the control
flatmounts remained consistent as the tissue aged (Figure 6A).

To investigate this further we assessed cellular morphology
changes via high-content image analysis. Due to the nature of
the disrupted morphology encountered in the mutant samples,
damaged areas could not be included in the automatic software
analysis (for an example see Supplementary Figure 1G).
Epithelial parameters included area, perimeter, hexagonality,
polygonality, eccentricity, and number of neighbors
(Figures 6B–F, Supplementary Figures 1A–F). Even without
the damaged regions, quantification of area revealed that
Bbs8−/− RPE cells were significantly larger compared to controls
at P29, and the variance in cell area was significantly increased
at P29 and at P81 (Figure 6B). P29 Bbs8−/− RPE also showed a
significant increase in cell perimeter and in the variance of cell
perimeter (Figure 6C). Although not statistically significant, we
observed that Bbs8−/− RPE cells were becoming less hexagonal
with age, which is opposite to normal Bbs8+/+ RPE (Figure 6D).
A similar trend was observed with the Hexagonality SD (standard
deviation) (Figure 6E). Although the majority of RPE cells lose
their cilium as the tissue matures, these findings indicate that
either ciliary function, even in just a small percentage of cells, is
continuously required for maintenance of epithelial morphology.
Alternatively, a subset of ciliary proteins (in particular the BBS
proteins) may have additional alternative functions affecting
cellular morphology.

Loss of Bbs8 Leads to Functional RPE
Defects
Disrupted morphology can consequently lead to a loss of
polarization, which is essential for RPE functionality. In the RPE,
apical microvilli are intricately connected to the adjacent POS
and are indispensable for retinal homeostasis. Ezrin, a member
of the Ezrin/Radixin/Moesin (ERM) family, is a key marker for
microvilli, found in epithelial microvilli, where it bridges the
actin cytoskeletal filaments and the cell membrane (Bonilha et al.,

2006; Ohana et al., 2015). With Bbs8 deletion Ezrin transcripts
were significantly up-regulated, in contrast to down-regulation
at the proteomic level at both ages. This might suggest a
possible compensatory regulatory effect due to dysfunctional
protein, in which the absence of a functional protein stimulates
the cell to increase transcription (negative feedback). We
stained Bbs8-deficient RPE flatmounts with anti-phospho-
Ezrin(Thr567)/Radixin(Thr564)/Moesin(Thr558) (p-ERM),
which marks functional Ezrin at apical microvilli (Ohana et al.,
2015). In P11 Bbs8−/− RPE, we observed decreased p-ERM
staining compared to control, although occasionally there
was irregular accumulation at the apical surface (Figure 7A
arrowheads, Supplementary Figure 2 arrowheads). At a later
time point (P81) p-ERM was predominantly absent (Figure 7A)
which suggests a worsening of apical microvilli formation in
Bbs8-deficient RPE as already described at P0 (May-Simera et al.,
2018).

Defective apical microvilli undoubtedly have a consequent
effect on the functional connection between RPE and POS.
To verify this, we assessed the retinal adhesion between RPE
and adjacent retina at P16. We quantified the amount of
melanin in RPE apical microvilli still attached to the retina
after it is mechanically separated from the RPE. Compared
to controls, Bbs8−/− retina showed higher concentration
of melanin, this could mean that despite apical microvilli
abnormalities, retinal adhesion was stronger or that there was
defective directional movement of melanosomes back to the
cell body (Figure 7B). To further investigate RPE function
upon loss of Bbs8, we performed a phagocytosis assay on
BBS8 KD ARPE-19 cells using siRNA. Due to the volume
of material required and difficulty in obtaining Bbs8−/−

material, it was not possible to perform this assay in primary
RPE cultures. We adapted a protocol previously described
by Nandrot et al. (2007). BBS8 knockdown was optimized
and validated using qPCR (Supplementary Figure 3A)
and assay conditions were tested prior to performing the
experiments (Supplementary Figure 3B). BBS8 KD ARPE-19
cells showed significant up-regulation of bound POS compared
to control, although the internalization, or more specifically the
phagocytosis, of POS was significantly decreased in BBS8 KD
cells (Figure 7C). Combined this data shows that loss of Bbs8
disrupts processes involving functional apical processes.

Loss of Bbs8 Induces EMT-Like Traits in
the RPE
Previous studies have shown that ciliary mutations induce
epithelial-to-mesenchymal transition (EMT) in other organs
and tissues, including epicardial tissue, kidney epithelial cells,
and pancreatic β-cells (Guen et al., 2017; Blom and Feng,
2018; Han et al., 2018; Volta et al., 2019). EMT denotes
the trans-differentiation of epithelial cells into mesenchymal
cells and is manifested by loss of cell junctions and apical-
basal polarity, as well as reorganization of the cytoskeleton
and changes in signaling and gene expression associated
with cell shape (Lamouille et al., 2014). Since our omics
data showed differential expression of molecules involved in
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FIGURE 6 | Cell morphological defects are seen in Bbs8-deficient RPE. (A) Representative images of RPE flatmounts stained for F-actin (red) and ZO-1 (green) to

visualize cytoskeleton and cell membrane. DAPI was used to stain nuclear DNA. P11 Bbs8−/− RPE shows discontinuous membrane staining (arrowheads). Starting in

(Continued)
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FIGURE 6 | P29 Bbs8−/− RPE shows larger areas of RPE cells with distorted or even completely disrupted cell membranes (asterisks). Scale bars: 10µm. (B–F)

Quantification of cell morphology parameters. Statistical analysis is described in methods. (B) Comparison of cell area of Bbs8−/− and Bbs8+/+ RPE cells reveals an

increase of the mean (p = 6.43 x 10−45) and the variance (p = 5.28 x 10−52) of P29 Bbs8−/− RPE cells and an increase of variance (p = 0.0013) of P81 Bbs8−/− RPE

cells. (C) Comparison of cell perimeter of Bbs8−/− and Bbs8+/+ RPE cells reveals an increase of the mean (p = 0.0342) and the variance (p = 0.0272) of P29

Bbs8−/− RPE cells. (D) Comparison of hexagonality score of Bbs8−/− and Bbs8+/+ RPE cells. The blue line depicts a trend toward cells being less hexagonal in the

mutant over time. The opposite trend (red line) is observed in Bbs8+/+ RPE. (E) The standard deviation of the hexagonality score trends upwards in the mutant (blue

line). The opposite trend is observed in Bbs8+/+ RPE (red line). (F) Comparison of polygonality score of Bbs8−/− and Bbs8+/+ RPE cells reveals a trend to more

polygonal cells in Bbs8−/− RPE with higher age (blue line). The opposite trend is observed in Bbs8+/+ RPE (red line). (n: P0 Bbs8+/+ = 1,492 cells, P0 Bbs8−/− =

1,030 cells, P11 Bbs8+/+ = 1,536 cells, P11 Bbs8−/− = 1,755 cells, P29 Bbs8+/+ = 331 cells, P29 Bbs8−/− = 383 cells, P81 Bbs8+/+ = 1,128 cells, P81 Bbs8−/−

= 1,315 cells) Significance levels: mean: > 0.05 not significant (ns), ≤0.05*, ≤0.01**, ≤0.001***; variance: > 0.05 not significant (ns), ≤0.05#, ≤0.01##, ≤0.001###.

FIGURE 7 | Deletion of Bbs8 leads to defects in RPE function. (A) Representative images of RPE flatmounts stained for p-ERM (red) and F-actin (green) to visualize

apical microvilli and the cytoskeleton. DAPI was used to stain nuclear DNA. P11 Bbs8−/− RPE shows abnormal accumulations of p-ERM staining (arrowheads).

Staining of p-ERM is dramatically reduced as the tissue ages. Bbs8+/+ RPE shows consistent staining at all ages. Scale bars: 10µm. (B) Retinal adhesion assay.

Quantification of melanin attached to the retina is significantly increased in P16 Bbs8−/− compared to controls (p < 0.0001). Statistical analysis was performed using

ROUT test (Q = 0.1 %) identified 2 outliers before using unpaired t-test (n: Bbs8−/− = 14, Bbs8+/+ = 8). (C) Phagocytosis assay. Quantification of photoreceptor

outer segments (POS) uptake reveals a significant increase in bound POS (p = 0.0025) and a significant down-regulation in internalized POS (p = 0.0025) in BBS8 KD

ARPE-19 cells compared to controls. Statistical analysis was performed using ROUT test (Q = 10%) identified 1 outliers before doing a one-way ANOVA and Tukey

post-hoc test (n: BBS8 KD = 9, NTC = 7–8). Significance levels: ≤0.01**, ≤0.001***.

adhesion and polarization and our patterning data identified
changes in cell morphology, we looked specifically for EMT-
related changes upon loss of Bbs8. Virtually all GO terms
associated with differentially expressed genes that were initially
down-regulated at P11 and then up-regulated at P29 were
associated with EMT-related processes (Figure 8A). Similarly, a

heatmap visualizing genes involved specifically in EMT revealed
an up-regulation at P29, although not at P11 (Figure 8B).
To support our transcriptomic data, we performed qPCR
of EMT hallmark genes in Bbs8−/− eyecups. Changes in
the gene expression of the EMT transcription factor Snail
have previously been detected in RPE cells undergoing EMT
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FIGURE 8 | Loss of Bbs8 induces EMT- like traits in the RPE. (A) GO terms associated with differentially expressed genes that were initially down-regulated at P11

and then up-regulated at P29. (B) Heatmap showing DEGs associated with epithelial-to-mesenchymal transition in the four experimental groups. shi (C) Quantitative

(Continued)
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FIGURE 8 | gene expression shows a shift toward EMT-like associated gene expression profiles between P11 and P29. Snail expression shifts from down-regulation

at P11 (p = 0.0073) toward up-regulation at P29 (p = 0.0096). Expression of Cldn19, Cdh1, and Tjp1 shifts from an up-regulation (Cldn19: p = 0.2681, Cdh1: p =

0.0180 and Tjp1: p = 0.3439) at P11 toward a down-regulation at P29 (Cldn19: p = 0.0919, Cdh1: p = 0.0189 and Tjp1: p = 0.0028) (P11 n: Bbs8−/− = 3–4,

Bbs8+/+ = 4; P29 n: Bbs8−/− = 3–5, Bbs8+/+ = 3–5). Statistical analysis was performed using one sample t-test. Cdh1: E-cadherin, Cldn19: Claudin 19, Snail:

Snail, Tjp1: tight-junction protein 1. (D) Representative images of P11 RPE flatmounts stained for Snail (red) and ZO-1 (green). DAPI was used to stain nuclear DNA.

P11 Bbs8−/− RPE shows an increase in Snail expression especially in cells with disrupted morphology. Scale bars: 10µm. (E) Representative images of RPE

flatmounts at P29, stained for primary cilia using Arl13b (red) and Gt335 (green). F-Actin (magenta) was stained to visualize the cytoskeleton and DAPI was used to

stain nuclear DNA. Higher magnifications are indicated in the image by a square. Scale bars: 10µm, higher magnifications 1µm. (F) Quantification of ciliated cells in

P29 Bbs8 RPE showing a significant increase in ciliation in Bbs8-deficient RPE compared to control (p = 0.0011) (n: Bbs8−/− = 4 eyes, 340 cells, Bbs8+/+ = 2 eyes,

157 cells). Statistical analysis was performed using unpaired t-test. Significance levels: > 0.05 not significant (ns), ≤ 0.05*, ≤ 0.01**, ≤ 0.001***.

(Tamiya and Kaplan, 2016). Increased Snail is known to
repress expression of E-cadherin and claudins (Lamouille et al.,
2014). Furthermore, ZO-1 expression has been shown to be
reduced upon EMT (Lamouille et al., 2014). In agreement
with these observations, our qPCR data showed a shift toward
an EMT-like state between P11 and P29 (Figure 8C). At
P11 we saw a significant down-regulation of Snail, which
accompanied a trend toward up-regulation of Cldn19 and Tjp1
and a significant induction of Cdh1 compared to controls.
In contrast, at P29 we detected a significant induction of
Snail correlated to the significant down-regulation of Cdh1
and Tjp1, together with a trend toward a down-regulation
of Cldn19 compared to controls. These opposite effects of
EMT hallmark gene expression between P11 and P29 further
supports the possibility that these alterations are mediated by
the development of EMT-like characteristics over time. This
finding is consistent with the observed progression of disrupted
RPE cell morphology (Figure 6). In further demonstration that
disrupted regions in the RPE could be linked to EMT, we
stained P11 RPE flatmounts for Snail and observed an increase
in Snail expression in mutant cells with disrupted morphology
(Figure 8D, Supplementary Figure 4A). Snail expression was
mostly localized to the nucleus in damaged areas and was not
detected in control tissue.

EMT denotes the trans-differentiation from an epithelial
to a mesenchymal cell (Ohlmann et al., 2016). This process
includes de-differentiation, as well as de novo differentiation
of cells of an epithelial cell layer. EMT has been linked to
primary ciliogenesis as a mechanism of EMT programs (Guen
et al., 2017) therefore, we examined ciliation in our mutant
tissue. Primary cilia were identified via co-localization of ciliary
membrane marker Arl13b and transition zone marker Gt335.
To denote a true primary cilium, Arl13b staining must extend
beyond Gt335 staining (Figure 8E). We had previously shown
that the percentage of ciliated cells in mouse RPE is transient
and reduces to under 20% in mature RPE. Similarly, we found
that at P29 around 15% of control RPE cells were ciliated. In
Bbs8−/− RPE we observed a significant increase with almost
twice as many ciliated cells (Figure 8F). In Bbs8−/− RPE we
also observed cilia at P81, whereas these were never detected in
controls (Supplementary Figure 4B). This increase in ciliation
in Bbs8−/− RPE might be consistent with a failure of ciliary
disassembly since we had previously seen a similar level of
ciliation in in Bbs8−/− RPE at E16.5, and could contribute to
the development of a possible EMT-like phenotype observed
at P29.

DISCUSSION

Ciliary mutations lead to a range of pathological phenotypes
with retinal dystrophy being one of the most common. Not
only do they cause syndromic retinal disorders, but they also
underlie numerous non-syndromic retinal dystrophies and a
large proportion of genes associated with vision loss directly
encode ciliary proteins (https://sph.uth.edu/Retnet/). So far,
most research on these retinopathies has focused on the
highly specialized primary cilium of the photoreceptors, which
undoubtedly plays a significant role in disease progression.
However, there is little information available on the contribution
of dysfunctional ciliary proteins in other ocular cell types (May-
Simera et al., 2017, 2018). The RPE is a ciliated epithelial
monolayer intercalated between the choriocapillaris and the
retina and is indispensable for photoreceptor health and function
(Strauss, 2005; May-Simera et al., 2018). Due to the close
interaction between the RPE and the photoreceptors of the
retina, they are often considered as a functional unit. We
recently showed that primary cilia in the RPE are required
for its maturation (May-Simera et al., 2018; Patnaik et al.,
2019). Here we demonstrate that, upon ciliary disruption via
deletion of Bbs8, the RPE never fully matures and exhibits
phenotypic defects that affect RPE function even before adjacent
photoreceptors have differentiated. This developmental defect
is supported by a number of observations. Deletion of Bbs8
leads to changes in gene and protein expression not only
involving signaling pathways and developmental processes, but
also at a later time point RPE homeostasis and function.
Differentially regulated molecules affecting the cytoskeleton
and cellular adhesion led to defective cellular polarization
and morphology consequently disrupting phagocytic functions.
Our combinatorial “omics” approach (QuantSeq 3′ mRNA
sequencing and Mass spectrometry) strongly supported our in
vivo data and highlights the value of multi-omic approaches in
identifying in vivomolecular mechanisms in the RPE.

Importantly, as RPE and photoreceptor cells are in close
physical contact to each other, we noticed contamination of
photoreceptor tissue. The latter may arise from an alteration
of extracellular matrix between photoreceptor and RPE and/or
precocious degeneration events in the outer segments of Bbs8−/−

photoreceptors. In particular, at P29 we found changes involved
in sensory perception of light stimulus in the RPE in the Bbs8−/−

mouse. Although this might be attributable to contamination
events, it is also in accordance with recent data published by Liu
et al. (2019), which highlighted the capacity of not completely
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differentiated RPE to produce essential visual cycle genes (Liu
et al., 2019). Interestingly, in the proteomic data at P11 we
found several photoreceptor outer segment (POS) proteins to be
down-regulated compared to control. Since most of these are not
significantly changed at the transcript level, it suggests that these
do indeed come from POS in the control. This might be due to
alteration in POS processing in the RPE or due to defects in the
POS phagocytosis. It could also suggest a technical difference in
that the preparations from control animals had closer attachment
to the outer segments, thereby leaving more contamination upon
separation. This in turn could represent a defect in the OS,
but also a loss of attachment between the RPE and OS in the
mutant animals.

Extrapolating from these, it would suggest that the P11
transcript changes are mostly RPE specific and strongly support
an alteration in RPE differentiation and function. Furthermore,
the availability of comparable gene expression level for a large
number of RPE-specific genes rendered our results robust
with regard to contaminant variation. Moreover, the majority
of mis-regulated genes were exclusively involved in RPE
polarization and function, rather than to a generic RPE gene
expression changes.

An important point to consider is that our mouse model
is not an RPE conditional knockout, meaning that adjacent
photoreceptors also lacked Bbs8. We and others have already
shown that loss of Bbs8 results in early onset retinal degeneration
with significant photoreceptor outer segment disruption (Dilan
et al., 2018; Kretschmer et al., 2019). Although substantial
photoreceptor outer segment defects can cause a secondary effect
in the RPE, photoreceptor-dependent degeneration does not
necessarily go hand in hand with early RPE cell loss or gross
RPE morphology. This can be seen in other mouse models
with photoreceptor specific mutations (such as peripherin and
rhodopsin), which do not have an early RPE phenotype despite
retinal degeneration (Cheng et al., 1997; Liu et al., 2010). Since
we observed changes in the RPE as early as P11, a time point
at which the photoreceptor outer segments are still forming, we
hypothesize that loss of Bbs8 in the RPE intrinsically leads to
abnormalities, which likely become amplified when interacting
with defective photoreceptors. Ideally this could be answered
by generating RPE-specific Bbs8 mutant mice. However, since
retinopathy patients inevitably havemutations affecting all ocular
tissues, there is still value in understanding the mechanisms of
disease progression in global mouse mutants.

Bbs8 is an integral component of the BBSome required for
ciliary trafficking, and countless studies have shown that loss of
Bbs8 compromises ciliary function (Ansley et al., 2003; Blacque
et al., 2004; Tadenev et al., 2011; Hernandez-Hernandez et al.,
2013; May-Simera et al., 2015; Goyal et al., 2016). As primary
cilia are essential for early developmental and physiological
processes, their dysfunction may have long-term effects on the
RPE (Fliegauf et al., 2007; Ishikawa and Marshall, 2011; May-
Simera et al., 2017, 2018; Pala et al., 2017). However, the
percentage of ciliated cells in the RPE varies over time from over
70% between embryonic day (E) 14.5 and E16.5 to around 10%
after birth and in adult (May-Simera et al., 2018; Patnaik et al.,
2019). If we consider Bbs8 function to be restricted to ciliary

processes, then this either means that the changes we describe
in this study are a consequence of earlier ciliary dysfunction,
or that residual ciliated cells in some way contribute to RPE
homeostasis. In this case, the increase in ciliation in Bbs8mutant
RPE at P29 and beyond might be contributing to the phenotype.
Alternatively, Bbs8 might also exert other functional roles, not
directly associated with the primary cilium.

Additional roles for “traditional” ciliary proteins have recently
been identified for numerous classes of ciliary proteins, in
particularly the BBS proteins (Novas et al., 2015; Marchese
et al., 2020). These might include membrane trafficking,
cytoskeletal organization, or transcriptional regulation (Gascue
et al., 2012; Hernandez-Hernandez et al., 2013; Patnaik et al.,
2020). Interestingly, the transcriptomic data at P29 identified
several biological processes associated with the nucleus, such as
many RNA-related processes, transcription, histone/chromatin
modification, and gene expression. Addressing this question
will require the generation and comparison of various different
cilia/Bbs-specific conditional mutant mice, as well as a more
detailed elucidation of Bbs function in epithelial tissues.

Although Bbs8 has the potential to regulate multiple cellular
processes, our omics data identified specific processes associated
with a change in RPE phenotype. At P11 we identified
mis-regulation of genes/proteins particularly associated with
signaling and developmental processes, while at P29, we
observed mis-regulation of gene/protein expression associated
with functional processes. These changes were reflected upon
assessment of cellular morphology in vivo, in that we observed
a loss of cellular epithelial morphology, as well as progressive
disruption of cell membranes. Since RPE function is critically
dependent on the maintenance of its epithelial phenotype, it was
not surprising to find loss of RPE functionality upon loss of ciliary
function (Strauss, 2005; Bharti et al., 2011; Adijanto et al., 2012;
Chen et al., 2019). Maintenance of an epithelial phenotype is
crucial for apical-basal polarization of the tissue. This facilitates
ezrin-rich apical microvilli to extend from the apical surface
and engulf the POS. These microvilli (also referred to as apical
processes) are required for the phagocytosis of shed POS and
the high level of cross talk between RPE and photoreceptor
cells. Loss of apical microvilli upon depletion of Ezrin causes
photoreceptor degeneration in vivo (Bonilha et al., 2006). We
saw that loss of Bbs8 leads to abnormal accumulation of p-ERM
early on, with almost complete absence at a later time point
(P81). This observation suggests a loss of polarization or inability
to form apical microvilli. Previous reports have proposed that
apical microvilli are indispensable for the functional connection
between RPE cells and the POS, yet defects in apical microvilli
undoubtedly lead to RPE dysfunction (Bonilha et al., 2006;
Nandrot et al., 2007). In line with this, we observed that Bbs8−/−

RPE displayed an increase in retinal adhesion in vivo, and
knockdown of Bbs8 resulted in decreased phagocytosis of POS
in vitro.

EMT denotes the trans-differentiation from epithelial cells
into mesenchymal cells and loss of an epithelial phenotype. Key
processes in this include changes in signaling, reorganization of
the cytoskeleton, as well as loss of cell junctions and apical-basal
polarity (Lamouille et al., 2014; Ohlmann et al., 2016). In our
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data we found three GO terms (mesenchymal cell differentiation,
epithelial cell migration, and membrane organization) associated
with these processes, that were significantly down-regulated at
P11, but significantly up-regulated by P29. This, coupled with the
recent findings that dys-regulation of primary cilia signaling has
already been shown to induce EMT in other tissues and organs,
including epicardial tissue, basalmammary stem cells, and kidney
epithelial cells (Lamouille et al., 2014; Ohlmann et al., 2016; Guen
et al., 2017; Blom and Feng, 2018; Han et al., 2018), makes us
believe that a loss of Bbs8 might induce an EMT-like phenotype.
In support of this the downstreamEMT-transcription factor Snail
was only found in the nuclei of Bbs8mutant tissue.

RPE dysfunction can lead to retinal degeneration and
blindness (Strauss, 2005; Bharti et al., 2011; Adijanto et al.,
2012; Chen et al., 2019). So far, most research on retinal
degeneration in ciliopathy patients has targeted photoreceptors.
Our findings highlight that the contribution of defective cilia or
ciliary proteins may be more complex than initially envisaged,
and that their function in the biological processes within in the
RPE must also be taken into consideration. This is relevant for
syndromic ciliopathy patients and also for others affected by non-
syndromic retinal degeneration as a consequence of mutations
in a ciliary disease gene. These considerations warrant attention
when designing treatment strategies for retinal degeneration.

MATERIALS AND METHODS

Animals
All experiments had ethical approval from the
Landesuntersuchungsamt Rheinland-Pfalz and were performed
in accordance with the guidelines given by the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research.
Animal maintenance and handling were performed in line with
the Federation for Laboratory Animal Science Associations
(FELASA) recommendations. Animals were housed in a 12-h
(h) light/dark cycle. The morning after mating was considered as
embryonic day (E) 0.5 and up to 24 h after birth was considered
as postnatal day (P) 0. Animals were sacrificed by cervical
dislocation. Generation of Bbs8−/− mice and genotyping was
previously described (Tadenev et al., 2011). Tissues and samples
were collected from two groups, namely age-matched control
(Bbs8+/+) and mutant (Bbs8−/−) littermates. Each individual
animal was considered a biological replicate. A minimum
of three biological replicates were used for each experiment.
For RNA sequencing a minimum of four biological replicates
was used.

Antibodies
For immunofluorescence, the following primary
antibodies were used: anti-phospho-Ezrin
(Thr567)/Radixin(Thr564)/Moesin(Thr558) (p-ERM) (rb,
1:100, Cell Signaling Technology, #3141), anti-snail (rb, 1:100,
Cell Signaling Technology, #3879), anti-Arl13b (rb, 1:800,
Proteintech, #17711-1-AP), and anti-Gt335 (mM, 1:800,
Adipogen, #AG-20B-0020). These antibodies were detected
using the appropriate Alexa Fluor (AF)-488,−555, and−647
(1:400; Molecular Probes) conjugated secondary antibodies.

Anti-Zonula Occludens-1 (ZO-1) was directly conjugated with
AF-488 (1:100, ZO-1-1A12, Invitrogen, 339188) and Phalloidin
was directly conjugated with AF-647 (1:40, Cell Signaling
Technology, #8940).

Fluorescence Staining and RPE Flatmount
Preparation
Mice were sacrificed, eyes were enucleated and adjacent tissues,
such as muscle and fat, cornea, lens, and retina were removed.
Remaining eyecups were fixed with 4% paraformaldehyde (PFA)
in 1× phosphate-buffered saline (PBS) for 1 h. Following fixation,
the eyecups were washed three times with 1× PBS, incubated
with 50mM NH4Cl for 10min and permeabilized with 1× PBS
0.1% Tween-20 (PBST) with 0.3% Triton-X (TX) (PBST-TX) for
1 h and blocked with blocking buffer (0.1% ovalbumin, 0.5%
fish gelatin in 1× PBS) for 1 h. Following this, eyecups were
incubated with primary antibodies over night at 4◦C. Eyecups
were washed three times with 1× PBS and incubated with
secondary antibodies, directly conjugated antibodies, and DAPI
(Carl Roth) for 2 h in the dark. Post staining, two washing steps
with PBST-TX and one with 1× PBS for 20min were performed,
followed by mounting on microscope slides using Fluoromount-
G (SouthernBiotech). Flatmounts were imaged using a Leica
DM6000B microscope. Deconvolution (BlindDeblur Algorithm,
one iteration step) and maximum projection were performed
using Leica imaging software (Leica, Bensheim, Germany).
Images were processed via Fiji using color correction and
contrast adjustment (Schindelin et al., 2012).

RPE Cell Isolation
For RPE cell isolation, we adapted a protocol previously
described (Nandrot et al., 2004). Mice were sacrificed, eyes
were enucleated and placed in ice-cold 1× Hank’s balanced salt
solution (Ca2+-Mg2+-free) (HBSS-) (Gibco, #14175-095) with
0.01M Hepes (Gibco, #15630-080) (HBSS-H-). Adjacent tissues,
such as muscle and fat, cornea, lens, and retina were removed and
eyecups were placed in 1.5ml trypsin (2 mg/ml) (Difco trypsin
250, BD #215240) in 1×Hank’s balanced salt solution (with Ca2+

and Mg2+) (HBSS+) (Gibco, #14025-092) with 0.01M Hepes
(HBSS+)-H and incubated for 5min (P11) or 30min (adult)
respectively at 37◦C. Following this, the eyecups were transferred
into ice-cold (HBSS+)-H and RPE sheets were peeled off the
choroid. In case of P11, eyecups were then again incubated in
trypsin for 2min in 37◦C and remaining RPE sheets were peeled
off. RPE sheets were transferred to a microfuge tube and washed
three times with ice-cold (HBSS+)-H (9391 rcf, 1.5min, 4◦C).
RPE cells were then pelleted (9391 rcf, 1.5min, 4◦C), supernatant
was removed and the RPE pellet was snap-frozen in liquid
nitrogen. RPE pellets were kept at−80◦C.

RNA Isolation From Murine Eyecups
Mice were sacrificed and the eyes were enucleated. Adjacent
tissues, such as muscle and fat, were removed and the cornea,
lens, retina, and optic nerve were discarded. Remaining eyecups
were homogenized in TRIzol Reagent (Invitrogen) using a pestle.
For RNA extraction, TRIzol Reagent was used according to
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manufacturer’s recommendations and RNA was stored at−80◦C
until usage.

QuantSeq 3′ mRNA Sequencing Library
Preparation
Preparation of libraries was performed with a total of 30 ng of
RNA from each sample using QuantSeq 3′mRNA-Seq Library
prep kit (Lexogen, Vienna, Austria) according to manufacturer’s
instructions. Total RNA was quantified using the Qubit 2.0
fluorimetric Assay (Thermo Fisher Scientific). Libraries were
prepared from 30 ng of total RNA using the QuantSeq 3′ mRNA-
Seq Library Prep Kit FWD for Illumina (Lexogen GmbH).
Quality of libraries was assessed by using High Sensitivity DNA
D1000 ScreenTape system (Agilent Technologies). Libraries were
sequenced on a NovaSeq 6000 sequencing system using an S1,
100 cycles flow cell (Illumina Inc.). Amplified fragmented cDNA
of 300 bp in size were sequenced in single-end mode with a
read length of 100 bp. Illumina NovaSeq base call (BCL) files are
converted in fastq file through bcl2fastq (version v2.20.0.422).

QuantSeq 3′ mRNA Sequencing Data
Processing and Analysis
For analysis, sequence reads were trimmed using BDduk
software (https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-
user-guide/usage-guide/) (BBMap suite 37.31) to remove adapter
sequences, poly-A tails and low-quality end bases (regions with
average quality below 6). Alignment was performed with STAR
2.6.0a3 (Dobin et al., 2013) on mm10 reference assembly
obtained from CellRanger website (https://support.10xgenomics.
com/single-cell-gene-expression/software/release-notes/build#
mm10_3.0.0; Ensembl assembly release 93). Expression levels
of genes were determined with htseq-count (Anders et al.,
2015) using Gencode/Ensembl gene model. All genes having
< 1 cpm in less than n_min samples and Perc MM reads >

20% simultaneously were filtered out. Differential expression
analysis was performed using edgeR (Robinson et al., 2009), a
statistical package based on generalized linear models, suitable
for multifactorial experiments. A minimum of 3 biological
replicates were used for statistics. The threshold for statistical
significance chosen was False Discovery Rate (FDR) < 0.05: in
detail, 592 genes were differentially expressed (290 genes induced
and 302 inhibited) in the P11 dataset (GSE144845) while 2,276
genes were differentially expressed (1,056 genes induced and
1,220 inhibited) in the P29 dataset (GSE144846). Gene Ontology
(GOEA) and Functional Annotation Clustering analyses were
performed using DAVID Bioinformatic Resources (Huang
et al., 2009a,b) restricting the output to Biological Process
terms (BP_FAT). The threshold for statistical significance of
GOEA was FDR < 0.1 and Enrichment score (ES) ≥1.5. The
Enrichment score (ES) represents the amount to which genes in
a gene ontology cluster are over-represented. We then compared
the two datasets. The VENN diagram in Figure 1 summarizes
the results after the comparison: we found 33 down-regulated
and 32 up-regulated genes, respectively, in common in the two
datasets genes and over 90 regulated in opposite correlation (44

down-regulated in P11 and up-regulated in P21; 55 up-regulated
in P11 and down-regulated genes in P29).

Data Visualization
Heatmaps (Figures 4B, 8B) were generated using custom
annotated scripts.

Quantitative Real-Time PCR (qPCR)
RNAwas reverse transcribed to cDNA using GoTaq Probe 2-Step
RT-qPCR System (Promega) and cDNA was stored at −20◦C
until usage. qPCR was performed via the StepOne-Plus Real-
Time PCR System (Applied Biosystems) using Platinum SYBR
Green (Invitrogen).

The following cycling conditions were used: 95◦C for 10min
followed by 40 cycles of 95◦C for 15 s, 60◦C for 1min. Relative
target gene expression was normalized to Tbp. The primer
sequences used are listed in Table 1. A minimum of 3 biological
replicates were used for statistics.

Proteomics
For tissue lysis, RPE cells were transferred to 1.4mm ceramic
beads containing 0.5ml Precellys R© tubes and 100 µl lysis buffer
per mg tissue was added. For lysis, samples were shaken in the
Precellys R© 24 system three times at 5,500 rpm for 20 s with 30 s
of cooling on ice between each step. All lysates were incubated for
30min at 4◦C in an end-over-end shaker, centrifuged 10min at
4◦C with 10,000 g and supernatant was transferred to a new tube.
The protein concentration was determined by a Bradford assay.

Affinity purified eluates were precipitated with chloroform
and methanol followed by trypsin digestion as described before
(Gloeckner et al., 2009). LC-MS/MS analysis was performed on
Ultimate3000 RSLCnano systems (Thermo Scientific) coupled
to an Orbitrap Fusion Tribrid mass spectrometer (Thermo
Scientific) by a nano spray ion source. Tryptic peptide mixtures
were injected automatically and loaded at a flow rate of
10 µl/min in 0.1% trifluoroacetic acid in HPLC-grade water
onto a nano trap column (Thermo Scientific; Orbitrap Fusion:
2mm x 10mm, µPAC Trapping column, 300 nm, 100–200 Å,
PharmaFluidics). After 3min, peptides were eluted and separated
on the analytical column (Orbitrap Fusion: 315µm x 50 cm,
µPACTM nano-LC columns-−50 cm µPACTM C18, 300 nm,
100–200 Å, PharmaFluidics) by a linear gradient from 2 to 30%

TABLE 1 | Sequences of used primers.

Gene Forward (5′-3′) Reverse (5′-3′)

Cdh1 ACTGTGAAGGGACGGTCAAC GGAGCAGCAGGATCAGAATC

Cldn19 TCCTCTTGGCAGGTCTCT

GT

GTGCAGCAGAGAAAGGAAC

C

Snail TCCAAACCCACTCGGATG

TGAAGA

TTGGTGCTTGTGGAGCAAGG

ACAT

Tbp CTTCGTGCAAGAAATGCT

GAAT

CAGTTGTCCGTGGCTCTCTT

ATT

Tjp1 GACCAATAGCTGATGTTG

CCAGAG

TGCAGGCGAATAATGCCAGA
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of buffer B (80% acetonitrile and 0.08% formic acid in HPLC-
grade water) in buffer A (2% acetonitrile and 0.1% formic acid
in HPLC-grade water) at a flow rate of 300 nl/min over 95min.
Remaining peptides were eluted by a short gradient from 30 to
95% buffer B in 5min. From the high-resolution MS pre-scan
with a mass range of 335 to 1,500. The Orbitrap Fusion was
run in top speed mode with a cycle time of 3 s. The normalized
collision energy for HCDwas set to a value of 30 and the resulting
fragments were detected in the ion trap. The lock mass option
was activated; the background signal with a mass of 445.12003
was used as lock mass (Olsen et al., 2005). Every ion selected for
fragmentation was excluded for 20 s by dynamic exclusion.

MS/MS data were analyzed using the MaxQuant software
(version 1.6.1.09) (Cox and Mann, 2008; Cox et al., 2009).
As a digesting enzyme, Trypsin/P was selected with maximal
2 missed cleavages. Cysteine carbamidomethylation was set
for fixed modifications, and oxidation of methionine and N-
terminal acetylation were specified as variable modifications. The
data were analyzed by label-free quantification (no fast LFQ)
with the minimum ratio count of 2. The first search peptide
tolerance was set to 20, the main search peptide tolerance to
4.5 ppm and the re-quantify option was selected. For peptide
and protein identification, the following subset of the SwissProt
database was used: mouse release 2019_08, #17,027 entries,
contaminants were detected using the MaxQuant contaminant
search. A minimum peptide number of 2 and a minimum length
of 7 amino acids were tolerated. Unique and razor peptides
were used for quantification. The match between run options
was enabled with a match time window of 0.7min and an
alignment time window of 20min. The statistical analysis was
done using the Perseus software (version 1.6.2.3) (Tyanova et al.,
2016). A minimum of 3 biological replicates were used for
statistics. Potential contaminants, peptides only identified by side
or reverse sequence were removed. Minimum half of the samples
must have valid values. Based on the median value, significance
A (Benjamini-Hochberg FDR) was calculated. The stability of
protein ratios within groups was determined using the student’s
t-test. Only proteins with a significance A < 0.05 and a student’s
t-test p < 0.05 were taken as being significantly altered.

Gene enrichment analysis was performed using GetGo (http://
getgo.russelllab.org/) (Boldt et al., 2016). Only gene names of
proteins that showed a significance A< 0.05 and a student’s t-test
p < 0.05 for this analysis.

Cell Morphology Assessment
After image acquisition the images were processed using a
previously published trained neural network that can accurately
identify cell borders in fluorescent images (Schaub et al., 2020).
After the algorithm identified cell borders, the segmentation was
manually validated for each image. If borders were incorrect,
segmentations were manually corrected. Once validated, the
images with the identified borders were then analyzed using
the methodology outlined by Sharma et al. (2019). Cells in
each image were assessed for area, perimeter, number of
neighbors, elongation of the cell (Aspect ratio), how like regular
convex polygons (Polygonality Score—Equations 1–3) cells were,
how hexagonal (Hexagonality Score—Equations 4–6) cells were

(Sharma et al., 2019), the standard deviation of the hexagonality
of cells, Feret’s Max diameter, Feret’s minimum diameter, and the
solidity of the cells.
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To calculate the above the python package SciPy 1.2.2 was used
(Virtanen et al., 2020), with the addition of the polygonality score,
hexagonality score, standard deviation of the hexagonality score,
and number of neighbors. The calculations were validated on
digitally created synthetic images of shapes and cells to ensure
that the values that it produces were accurate.

All statistical analysis was performed using R (R. Foundation
for Statistical Computing, 2017), the lme4 package (Bates et al.,
2015), and the emmeans package (Searle et al., 1980). Data
was first assessed for normality by determining data skewness,
kurtosis, and q-q plots. All differences between Bbs8+/+ and
Bbs8−/− were assessed using linear mixed effects models
controlling for repeated measures from each mouse. Linear
marginal means rather than least squared means were used to
determine the magnitude of differences. Differences in variance
of the data was determined by taking the residual of all measures
from their median and running the linear mixed effect model
using residual values rather than raw data. A Bonferroni-Dunn
correction was used to correct for the additional assessment of
residuals, as well as raw data. All pair-wise comparisons were
controlled for using Tukey’s post test and an adjusted alpha of
0.05 was used for significance. All plots for shape/morphological
measurements were done using the ggpllot2 package (Wickham,
2009).

Retinal Adhesion Assay
For the retinal adhesion assay, we adapted a protocol previously
described (Nandrot et al., 2006). Mice were sacrificed, eyes
were enucleated and transferred into 1× Hank’s balanced salt
solution containing Ca2+ and Mg2+ (HBSS+) (Gibco, #14025-
092). Adjacent tissues, cornea and lens were removed. One
eyecup at a time was transferred into a dry, empty dish and cut
radially toward the optic nerve. The eyecup was then flattened,
and the neural retina peeled off using forceps. Retinae were lysed
individually in 50mMTris (pH 7.5), 2mMEDTA, 150mMNaCl,
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1%Triton X-100, 0.1% SDS, and 1%NP-40, freshly supplemented
with 1% protease and phosphatase inhibitors via sonication for
10 s on ice. After centrifugation (5min, 21130 rcf, 4◦C) lysates
and pellets were kept separate on ice and protein content of the
lysates were quantified using bicinchoninic acid (BCA) assay.
For melanin dissolution, the pellets were washed in 100 µl 50%
ethanol and 50% diethylether (10min, 21130 rcf). Supernatant
was discarded, pellets were dissolved in 150 µl 20% DMSO,
2M NaOH and incubated for 30min at 60◦C. To quantify
melanin concentration, absorbance of samples and commercially
available melanin (Sigma-Aldrich, #M0418) dissolved in 20%
DMSO, 2M NaOH at defined concentrations were measured
at 490 nm. Individual melanin concentrations were normalized
to the corresponding protein concentration to calculate the
concentration of melanin per milligram of protein.

Cell Culture
ARPE-19 cells were kindly provided from Karsten Boldt
(Tübingen) and cultured in DMEM/F-12 + GlutaMax (Gibco,
#31331028) supplemented with 10% fetal bovine serum (FBS)
(LONZA), and 1% penicillin/streptomycin (Thermo Fischer,
#10378016) (referred to as complete medium). BBS8 siRNA
(Dharmacon, #L-021417-02-0005) and non-targeting siRNA
(IDT, TriFECTa) were used to generate BBS8 KD and Non-
targeting control (NTC) cells. Transfections were performed using
antibiotic-free medium in 96-well plates using Lipofectamine
RNAiMAX reagent (Invitrogen, #113778150) according to
manufacturer’s recommendations for reverse transfections. Post
transfection, the cells we cultured in complete medium. The
phagocytosis assay was performed 48 h post-transfection.

Phagocytosis Assay
Isolation and preparation of bovine POS were described
previously (Nandrot et al., 2007). For phagocytosis assay, we
adapted a protocol previously described (Nandrot et al., 2007).
Confluent BBS8 KD and NTC cells were preincubated for 1 h in
serum- and antibiotic-free DMEM/F-12+GlutaMax followed by
incubationwith POS for 7 h at 37◦C in the dark. To remove excess
POS, three washing steps with PBS supplemented with 0.2mM
Ca2+ and 1mM Mg2+ (PBS-CM) were performed. In order
to differentiate between bound and internalized POS, parallel
wells were incubated with 4% trypan blue for 10min followed
by two washing steps with PBS-CM. Addition of trypan blue
quenches surface fluorescence and therefore the two populations
(internalized vs. bound) can be distinguished (bound = total
– internalized). All wells were fixed in ice-cold methanol for
10min, rehydrated in PBS-CM for 10min at room temperature
and incubated with DAPI (1:400) for 15min. Following this,
two washing steps with PBS-CM were performed and an equal
volume of PBS-CM was added to all wells. FITC-POS and
DAPI-labeled cells were quantified using the Infinite M1000 Pro
microplate reader and associated Magellan software (Tecan).

Statistics
Unless indicated differently, statistical analysis was performed
using GraphPad Prism 6.0. ROUT test (Q= 0.1%) was performed
prior to statistical analysis. Used statistical tests are stated in

corresponding figure legends. For qPCR data a one sample t-
test with a theoretical mean set as 1 (WT = Bbs8+/+ value)
was performed. For the retinal adhesion analysis, a D’Agostino
& Pearson omnibus normality test was performed to check that
the results are normally distributed. Following this, an unpaired
t-test was performed. For the phagocytosis assay, a one-way
ANOVA and Tukey post-hoc test was performed. Images and data
were analyzed blinded to genotype. See sections Cell morphology
assessment, QuantSeq 3′ mRNA sequencing data processing
and analysis and Proteomics for more details. Sample size was
determined by availability of tissue with a minimum of three
biological replicates.
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Supplementary Figure 1 | Bbs8-deficient RPE show changes in cell

morphological parameters. (A–F) Quantification of cell morphology parameters.

Statistical analysis is described in methods. Comparison of (A) eccentricity, (B)

minFeret, (C) maxFeret, (D) solidity, (E) equivalent diameter, and (F) number of

neighbors of Bbs8−/− and Bbs8+/+ RPE cells show no significant changes (n: P0

= 6 eyes, P11 = 9 eyes, P29 = 4 eyes, P81 = 3 eyes). Significance levels: mean:

> 0.05 not significant (ns), ≤ 0.05∗, ≤ 0.01∗∗, ≤ 0.001∗∗∗; variance: > 0.05 not

significant (ns), ≤ 0.05#, ≤ 0.01##, ≤ 0.001###. (G) Representative images of

RPE flatmounts stained for ZO-1 (green) to visualize the cell membrane and DAPI

for nuclear DNA. In Bbs8−/− RPE we identified discontinuous membrane staining

at all ages. These areas were excluded from cell morphology assessment. Scale

bar: 25µm.

Supplementary Figure 2 | Deletion of Bbs8 leads to changes in apical microvilli.

Representative images of RPE flatmounts (Z-stack) stained for p-ERM (orange)

and F-actin (red) to visualize apical microvilli and the cytoskeleton. DAPI was used

to stain nuclear DNA. P11 Bbs8−/− RPE shows abnormal accumulations of

p-ERM staining (arrowheads). Images were taken using a Confocal Zeiss LSM 9

with Airyscan 9. Scale bars: 10µm.

Supplementary Figure 3 | Optimization of phagocytosis assays using ARPE-19

cells. (A) Quantification of BBS8 expression after knockdown using BBS8 siRNA

from Dharmacon (dh) and IDT compared to non-targeting control (NTC) (n = 3).

Due to higher efficacy of the siRNA from Dharmacon, further experiments were

performed using this. Statistical analysis was performed using one-way ANOVA

and Dunnett’s test post-hoc test. Significance levels: > 0.05 not significant (ns), ≤

0.05∗, ≤ 0.01∗∗, ≤ 0.001∗∗∗. (B) Comparison of total, bound and internalized

fluorescently labeled photoreceptor outer segments (POS). FITC/DAPI ratio

measured after incubation of ARPE19 cells for 5 and 7 h, respectively.

Supplementary Figure 4 | Deletion of Bbs8 leads to increased expression of

Snail and changes ciliation in the RPE. (A) Representative images of P11 RPE

flatmounts stained for Snail (red) and ZO-1 (green). DAPI was used to stain nuclear

DNA. P11 Bbs8−/− RPE shows an increase in Snail expression in the nuclear

region, particularly in cells with disrupted morphology. Scale bars: 25µm. (B)

Representative images of P81 RPE flatmounts (Z-stack) stained for primary cilia

(arrowheads) using Arl13b (red) and Gt335 (green). F-Actin (magenta) was stained

to visualize the cytoskeleton and DAPI was used to stain nuclear DNA. Co

localization of Arl13b and transition zone marker Gt335 is required to determine a

true primary cilium, which is more readily identified in the mutant (white arrows).

Scale bars: 10µm. Images were taken using a Leica DM6000B microscope.

Supplementary Table 1 | Differentially expressed genes (DEGs) significantly

regulated at P11. Significance defined by using False Discovery Rate (FDR) < 0.05

as threshold. 290 genes induced in red, and 302 inhibited in green.

Supplementary Table 2 | Differentially expressed genes (DEGs) significantly

regulated at P29. Significance defined by using False Discovery Rate (FDR) < 0.05

as threshold. 1,056 genes induced in red; and 1220 inhibited in green.

Supplementary Table 3 | Comparison of differentially expressed genes (DEGs)

between Bbs8−/− and control with RPE-specific gene lists.

Supplementary Table 4 | Gene Ontology enrichment analysis of the differentially

expressed genes (DEGs) between Bbs8−/− and control at P11. The Biological

Process (BP_FAT) terms enriched among the down-regulated (n = 302) and

up-regulated (n = 290) genes are highlighted in green (A) and red (B), respectively.

For each BP annotation cluster, the GO identifier (“GO:”), associated term (“Term”)

and Enrichment score are provided. The genes belonging to each term are listed

in column D (and their total number in column C under “count”). False Discovery

Rate score (FDR) is shown in column E.

Supplementary Table 5 | Gene Ontology enrichment analysis of the differentially

expressed genes (DEGs) between Bbs8-/- and control at P29. The Biological

Process (BP_FAT) terms enriched among the down-regulated (n = 1,220) and

up-regulated (n = 1,056) genes are highlighted in green (A) and red (B),

respectively. For each BP annotation cluster, the GO identifier (“GO:”), associated

term (“Term”) and Enrichment score are provided. The genes belonging to each

term are listed in column D (and their total number in column C under “count”).

False Discovery Rate score (FDR) is shown in column E.

Supplementary Table 6 | Gene Ontology enrichment analysis of the differentially

expressed genes (DEGs) resulting from the comparison of the two datasets at P11

and P29. The Biological Process (BP_FAT) terms enriched among the

down-regulated genes in both datasets (n = 33) and up-regulated in both

datasets (n = 32) genes are highlighted in green (A) and red (B), respectively. For

each BP annotation cluster, the GO identifier (“GO:”), associated term (“Term”) and

Enrichment score are provided. The genes belonging to each term are listed in

column D (and their total number in column C under “count”). False Discovery

Rate score (FDR) is shown in column E.
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line (First Author; Published) 

Due to lack of specificity or poor recombination of the currently available inducible RPE-

specific Cre recombinases, we generated and characterized a tamoxifen-inducible RPE-

specific Cre transgenic mouse line under transcriptional control of an RPE-specific Tyrosi-

nase enhancer. This inducible RPE-specific Cre transgenic-mouse line shows a high level of 

recombination in adult mice (47.25-69.48%), as well as in embryonic RPE (~83%). Com-

pared to other inducible RPE-specific Cre transgenic mouse lines, this newly generated RPE-

Tyrosinase-CreErT2 line shows a more uniformly distributed and more effective recombina-

tion. 
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Abstract

The retinal pigment epithelium (RPE) is an epithelial monolayer in the back of the vertebrate

eye. RPE dysfunction is associated with retinal degeneration and blindness. In order to fully

understand how dysregulation affects visual function, RPE-specific gene knockouts are

indispensable. Since the currently available RPE-specific Cre recombinases show lack of

specificity or poor recombination, we sought to generate an alternative. We generated a

tamoxifen-inducible RPE-specific Cre transgenic mouse line under transcriptional control of

an RPE-specific Tyrosinase enhancer. We characterized the Cre-mediated recombinant

expression by crossing our RPE-Tyrosinase-CreErT2 mouse line with the tdTomato reporter

line, Ai14. Detected fluorescence was quantified via high-content image analysis. Recombi-

nation was predominantly observed in the RPE and adjacent ciliary body. RPE flatmount

preparations revealed a high level of recombination in adult mice (47.25–69.48%). Regional

analysis of dorsal, ventral, nasal and temporal areas did not show significant changes in

recombination. However, recombination was higher in the central RPE compared to the

periphery. Higher levels of Cre-mediated recombinant expression was observed in embry-

onic RPE (~83%). Compared to other RPE-specific Cre transgenic mouse lines, this newly

generated RPE-Tyrosinase-CreErT2 line shows a more uniform and higher level of recombi-

nation with the advantage to initiate recombination in both, prenatal and postnatal animals.

This line can serve as a valuable tool for researches exploring the role of individual gene

functions, in both developing and differentiated RPE.

Introduction

The retinal pigment epithelium (RPE) is a monolayer of pigmented epithelial cells intercalated

between the neural retina and the choriocapillaris. With their long apical microvilli, RPE cells

surround the light-sensitive outer segments of the retinal photoreceptors [1]. Due to its

numerous functional roles, the RPE is essential for vision [2]. On the basal side, the RPE is in

contact with the Bruch’s membrane and together they control ion, nutrient, water and metabo-

lite transport between the retina and the retinal vascular network, the choriocapillaris [2,3].

Additionally, the RPE is important for re-isomerization of all-trans-retinol to 11-cis-retinal,
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phagocytosis of the shed photoreceptor outer segments, and absorption of incident light, all of

which are essential for health and function of the photoreceptor cells [2–5]. RPE dysfunction

and associated failure of one or more of these processes can lead to retinal degeneration and

blindness [2]. Furthermore, dysfunction of the RPE has been associated with age-related mac-

ular degeneration (AMD), the most common cause of irreversible blindness in the elderly pop-

ulation [4]. In order to fully understand the molecular development and function of the RPE,

and how dysregulation can affect visual function, RPE-specific gene knockouts are

indispensable.

Homozygous germline knockout of widely expressed genes often leads to embryonic or

neonatal lethality. Therefore, a tissue-specific gene-knockout strategy is required to determine

tissue-specific effects of gene function. For this, the Cre/LoxP-system has emerged as the most

commonly used method to introduce somatic mutations exclusively in the tissue of interest in

mice [6,7]. In this system, a Cre recombinase is driven by a tissue-specific promoter and

enables precise excision of a DNA sequence in the tissue of interest [4,5,7]. This technique

enables either recombination-activated gene expression or conditional gene inactivation [6–

8]. The site-specific Cre recombinase, derived from the P1 bacteriophage, is able to bind to a

34 bp recognition site (loxP site) and excise the DNA flanked between two loxP sites (floxed),

leaving a single loxP site remaining [4,8–10]. Furthermore, conditional knockout of a gene in

early development may have differing effects compared to ablation of gene function at a later

time point [4,5,9]. Therefore, temporal gene expression also needs to be taken into account.

To add a temporal dimension to the study of gene function, an inducible component can be

added to the activation of the Cre [5,11]. The two most commonly used are the tetracycline-

inducible Cre recombinase and the ligand-dependent 4-hydroxytamoxifen (4-OHT)-inducible

Cre recombinase [4,7,11,12]. Due to its faster rate of induction, the 4-OHT-inducible Cre

recombinase is more highly recommended [13]. Here, the Cre recombinase is fused to a

ligand-binding domain (LBD) of the human estrogen receptor (ER) resulting in a CreERT2

construct, which is only activated upon addition of 4-OHT [6,11]. Taken together, a combina-

tion of a ligand-dependent tissue-specific promoter-driven Cre expression facilitates spatial

and temporal control of Cre recombinase activity [7,11]. For this a mouse must inherit both,

the gene for Cre and a floxed gene of interested, and be treated with tamoxifen, which will then

be metabolized to its active form 4-OHT, at required time points [6,12].

Important considerations for choosing the Cre mouse lines are the level of expression in

desired tissue of interest, and the level of ectopic expression. To date, few RPE-specific Cre

mouse lines have been reported. Four non-inducible RPE-specific Cre lines include the dopa-
chrome tautomerase (Dct)-Cre [8], the tyrosinase related protein-1 (Tyrp1)-Cre [9], the Mela-
noma-associated antigen recognized by T cells (MART1)-Cre [14], and the bestrophin-1
(BEST1)-Cre [4]. All of these Cre recombinases lead to ectopic Cre recombination. The Dct-
Cre line causes additional recombination in the telencephalon, the MART1-Cre line in the

skin, and the BEST1-Cre line leads to ectopic Cre expression in the testis. However, in all, the

expression in the eye is restricted to the RPE [4,8,14]. In contrast, the widely used Tyrp1-Cre
line leads to ectopic Cre expression in the neuroretina, which might affect interpretations

when studying retinal phenotypes caused by loss-of-function mutations in the RPE [9]. Thus

far, two inducible RPE-specific Cre lines have been reported, the monocarboxylate transporter
3 (Mct3)-Cre [15] and the Tet-on VMD2-Cre [5]. Depending on the genetic background of the

mice and the timing of induction, the Mct-Cre line only leads to low levels of recombination

(5–20%) [4,15]. For the VMD2-Cre line, the level of recombination has not been reported.

However, at P4 it shows the greatest activity [4,5], suggesting that it might be less efficient for

manipulation of genes expressed at earlier time points.

RPE-specific inducible Cre
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To address the above shortcomings, we generated an inducible RPE-specific transgenic

mouse line with uniform recombination efficiency. Since the 4-OHT-inducible CreErT2 is con-

sidered the most efficient driver for inducible genetic recombination [6], we generated a trans-

genic mouse line using this Cre recombinase under transcriptional control of a previously

published and validated RPE-specific enhancer of the Tyrosinase gene [16,17]. Tyrosinase
(Tyr) is expressed in all pigmented cells. However, it is differentially regulated between the

RPE and melanocytes due to a novel tissue-specific distal regulatory element (Cns-2), which is

located at -47 kb from the transcription start site [17]. Cns-2 is responsible for Tyrosinase gene

expression in the RPE, but not in melanocytes. In this study, we characterize our inducible

RPE-specific Cre mouse line and evaluate its level of recombination efficiency by crossing it

with a commonly used reporter mouse line.

Material and methods

Generation of a transgenic RPE-Tyrosinase-CreErT2 mouse line

A RPE-Tyrosinase-CreErT2 transgenic mouse line (strain C57BL/6N) was generated by inser-

tion of a (5’-3’) construct containing a RPE-specific Tyr enhancer (Cns-2) (4721 bp) [17], a

hsp70 minimal promoter (985 bp) and a construct for the inducible Cre-ERT2 recombinase

[11] (1983 bp). Cre-ErT2 was amplified from the pCAG-CreERT2 vector (Addgene) and cloned

into the Tyr-Hsp70 vector using XhoI/SalI enzymes. Generation of the Tyr-GFP mouse line

was previously reported [16].

Animals

All experiments had ethical approval from the Landesuntersuchungsamt Rheinland-Pfalz and

were performed in accordance with the guidelines given by ARVO Statement for the Use of

Animals in Ophthalmic and Vision Research. Animal maintenance and handling were per-

formed in line with Federation for Laboratory Animal Science Associations (FELASA) recom-

mendations. Mice were housed in a 12 h light/dark cycle. Animals were sacrificed by cervical

dislocation. The morning after mating was considered as E0.5. From the time at which the

mice were six weeks old, they were considered adult.

B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J reporter mice (JAX stock #007914; [18];

referred to as Ai14) were crossed with RPE-Tyrosinase-CreErT2 mice to visualize Cre expres-

sion. Ai14 mice possess a floxed stop cassette upstream of the CAG promoter-driven red fluo-

rescent protein tdTomato. Following Cre-mediated recombination the stop cassette is excised,

allowing expression of tdTomato.

Genotyping

For DNA isolation the tissue samples were incubated in tissue digestion buffer (10 mM Tris-

HCl pH 8.0, 10 mM EDTA, 200 mM NaCl, 0.5% SDS, 0.1 mg/ml Proteinase K) overnight at

55 ˚C. Afterwards the samples are vortexed and centrifuged at 21,130 rcf for 10 min. The

supernatant was transferred carefully into a new tube and incubated with double the volume

of 95% Ethanol for at least 10 min at room temperature. After centrifugation at 21,130 rcf for

15 min, the DNA pellet was air dried at room temperature and dissolved in Milli-Q water to a

concentration between 100 and 200 μg/ml. PCR of genomic DNA was performed using

GoTaq G2 Hot Start Polymerase (Promega). For detection of the Cre construct, the following

primers were used Cre-F (5'-GAGTGAACGAACCTGGTCGAAATCAGTGCG-3') and Cre-R

(5'-GCATTACCGGTCGATGCAACGAGTGATGAG-3'). To detect a ~300-bp product using

the following cycling conditions: 90 s at 94 ˚C for initial denaturation, followed by 40 cycles of
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30 s at 94 ˚C for denaturation, 30 s at 55 ˚C for annealing, 60 s at 72 ˚C for extension, and

finally 5 min at 72 ˚C for final extension. To detect the Ai14 construct, the Jackson Laboratory

(www.jax.org) provided primer sequences and thermocycling conditions. All PCR products

were separated on a 2% agarose gel and visualized using GelRed Nucleic Acid Gel Stain.

Cre recombinase activity in transgenic mice

To induce Cre recombination activity in the mice, 1.6 mg Tamoxifen (Sigma-Aldrich, T5648)

and 1.6 μg β-Estradiol (Sigma-Aldrich, E8875) were administered on five consecutive days via

intraperitoneal injection (IP) or oral gauvage (OG). Tamoxifen was prepared as a 10 mg/ml

stock solution in flax seed oil. The solution was incubated at 37 ˚C and vortexed occasionally

until dissolved. β-Estradiol was added to the tamoxifen solution at a concentration of 10 mg/

ml. Treatment of pregnant dams was started at E9.5 and embryos were harvested at E17.5. For

treatment in adults, eyes were harvested on the fifth day after the last application. For short-

term (ST) analyses of Cre activity eyes were harvested five days after the last treatment applica-

tion. For long-term (LT) Cre activity eyes were harvested three months after the last treatment

application.

Quantitative real-time PCR (qRT-PCR)

Tissues of adult mice were harvested on the fifth day (ST) or three months (LT) after the last

application and homogenized in TRIzol Reagent (Invitrogen) using a pestle. For RNA extrac-

tion, the TRIzol Reagent was used according to manufacturer’s recommendations. RNA was

stored at -80 ˚C. RNA was reverse transcribed to cDNA using GoTaq Probe 2-Step RT-qPCR

System (Promega) and cDNA was stored at -20 ˚C. qRT-PCR was performed via a StepOne-

Plus Real-Time PCR System (Applied Biosystems) using Platinum SYBR Green (Invitrogen).

The following cycling conditions were used: 95 ˚C for 10 min followed by 40 cycles of 95 ˚C

for 15 sec, 60 ˚C for 1 min. Relative target gene expression was normalized to TBP. Primer

sequences are listed in Table 1.

Fluorescence staining and mounting of flatmount RPE and retina

For RPE or retina staining, mice were sacrificed, eyes were enucleated and the retina was

removed. The tissue was fixed with 4% paraformaldehyde (PFA) in 1× phosphate-buffered

saline (PBS) for 1 h and washed three times with 1× PBS. To reduce auto-fluorescence from

the PFA, the tissue was incubated with 50 mM NH4Cl for 10 min before permeabilizing with

1× PBS 0.1% Tween-20 (PBST) with 0.3% Triton-X (TX) (PBST-TX) for 1 h and blocked with

blocking buffer (0.1% ovalbumin, 0.5% fish gelatin in 1× PBS) over night at 4 ˚C. Eyecups

were incubated with DAPI (Carl Roth) and a directly conjugated Zonula Occludens-1 (ZO-1)

antibody, conjugated to Alexa Fluor 488 (ZO-1-1A12, Invitrogen, 339188) in blocking buffer

for 2 h in dark conditions at room temperature. Post staining, two washing steps with

PBST-TX and one with 1× PBS for 20 min each were performed. Eyecups or retina were flat

mounted with Fluoromount-G (SouthernBiotech) and examined using a fluorescence

Table 1. Primers used for qRT-PCR.

Gene Species Forward Reverse

Lrat Mouse TTCAAGCTCTTTAGCGTGAGC TTTCATAGGGACGGTTCTTCC

Rpe65 Mouse TTGAAACTGTGGAGGAACTGTC GACTGCCAGTGAGCCAGAG

Ttr Mouse CCTCGCTGGACTGGTATTTG GACCATCAGAGGACATTTGG

Tbp Mouse CTTCGTGCAAGAAATGCTGAAT CAGTTGTCCGTGGCTCTCTTATT

https://doi.org/10.1371/journal.pone.0207222.t001
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microscope (ZEISS Axio Scan.Z1, Leica DM6000 B). Entire optic cup imaging was performed

at either 10× or 20× magnification across three channels (red: tdTomato, green: ZO-1, and

blue: DAPI). Exposure times were kept consistent at each magnification with scaling of the

exposure time between magnifications to adjust for the decreased numerical aperture of the

10× objective.

Fluorescent staining and transmission electron microscopy of eye and

embryo sections

For RPE or retina staining, mice were sacrificed, eyes were enucleated and immediately fixed

with 4% paraformaldehyde (PFA) in 1× phosphate-buffered saline (PBS). After 5 min of fixa-

tion a hole was poked through the middle of the cornea and the eyes were incubated again in

4% PFA for another 15 min. Following this, the eyes were cut along the ora serrata and the

anterior segment was removed, leaving the lens intact. The resulting eyes were fixed in 4%

PFA for another hour. Post fixation, four washing steps with 1× PBS for 15 min each were per-

formed. Afterwards the eyes were incubated in following sucrose solutions, each made with 1×
PBS: once in 10% sucrose solution for 30 min, twice in 20% sucrose solution for 20 min each

and once in 30% sucrose solution overnight. The next day the eyes were again incubated in

30% sucrose solution for 1 h. Afterwards the eyes were cryofixed in isopentane, cryosectioned

and immunostained as previously described [19]. For immunostaining, the sections were

placed on poly-L-lysine coverslips and permeabilized with 0.5% PBS-TX for 10 min before

incubation with 50 mM NH4Cl for 10 min. After a washing step with 1× PBS for 5 min, the

sections were blocked with blocking buffer for 30 min at room temperature and then incu-

bated with monoclonal primary antibodies against ADP-ribosylation factor-like protein 13B

(Arl13b) (Sigma-Aldrich), Calbindin (Millipore), Calretinin (Millipore), Protein kinase C α
(PKC α) (Sigma) or Glutamine synthetase (GS) (Abcam), diluted in blocking buffer, overnight

at 4 ˚C. Three washing steps with 1× PBS, 10 min each, were performed before incubation

with secondary antibodies conjugated to Alexa-488 (Invitrogen) and DAPI, diluted in blocking

buffer, for 2 h in dark conditions at room temperature. Post staining, three washing steps with

1× PBS and one with Milli-Q water, 10 min each, were performed and the sections were

mounted using Mowiol 4–88. The sections were examined using a fluorescence microscope

(Leica DM6000 B) and the images were processed via FIJI using color correction and contrast

adjustment. Whole E16.5 embryos were fixed in 4% paraformaldehyde overnight at 4 ˚C, then

washed in 1× PBS and transferred to 30% sucrose/1× PBS until the embryos sank. Embryos

were then incubated in a 1:1 mixture of OCT and 30% sucrose/1× PBS for 30 min on a rocking

platform. After transferring embryos to an embedding mold containing OCT, they were ori-

ented as desired and frozen on dry ice. Frozen blocks were cut on a microtome, stained with

DAPI and imaged using fluorescence microscope (ZEISS Axio Scan.Z1). For transmission

electron microscopy (TEM), dissected eyecups were fixed in 2.5% glutaraldehyde in 0.1M

cacodylate buffer with 0.1M sucrose for 1 h at room temperature. Post fixation they were

placed in 2% osmium tetroxide (in 0.1M cacodylate buffer) for 1 h and then dehydrated

through an ethanol series. After embedding in epoxy resin, eyes where cut and processed for

TEM using standard EM procedures.

Image analysis

Images were processed using a custom FIJI plugin. Areas of expression in all regions were

assessed for all cells across all 15 eyes. Areas of coverage were then aggregated across Male IP,

Female IP, and Female OG and a statistical analysis was performed to determine if expression

was heterogeneous. Whole optic cup images were separated into their respective channels.
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Background subtraction and intensity scaling was performed in each channel so that 99% of

the signal obtained in the image fell within the dynamic range of the image (16-bit image).

Background subtraction and scaling was done to transform pixel intensity histograms between

all images into similar distributions. After scaling, images were converted to 8-bit images.

Images whose initial intensity distribution took less than 5% of the dynamic range of the

image were removed from analysis due to the lack of signal to noise. Images were then dupli-

cated into a “Foreground” image and a “Background” image. The Foreground images were

used to quantify expression levels and thus were not further edited. The Background images

were used to identify areas in the images that could not be measured (bubbles or tissue dam-

age) or that did not contain tissue (background). No expression quantification was done on

Background images.

In Background images, all pixels first had one intensity unit added to them. Then, areas in

images that contained artifacts (bubbles or damaged tissue) or no tissue were manually

removed (given a 0-value). After giving a 0-value to all non-measurable/background areas in

an image a background mask was created in which the location of all 0-value pixels was identi-

fied. This mask was overlaid onto the Foreground image and all background pixels were given

a 0-value in the Foreground Image. The total area of the background pixels was subtracted

from the total image area to identify the total possible area of expression (ATot). All Foreground

images were then segmented using a manually validated threshold. The area segmented as

expressing (AExp) was then divided by ATot to determine the total percent of expression (APer).

Representative image processing is shown in supplementary information (S5 Fig).

AExp

ATot
¼ APer Eq 1

In adult mice, nasal, temporal, dorsal, ventral, central, and peripheral areas where then

manually cropped in each image and Eq 1 was used to determine the percent expressing in

each cropped image. The central region was determined as an ellipsoid region that was half the

diameter of the total butterflied eyecup in each orthogonal direction (nasal/temporal and dor-

sal/ventral). All area outside this region was defined as the periphery.

In fetal eyes, Cre activity was predominately found in the nucleus and little tdTomato

expression after Cre mediated recombination was seen in the cytoplasm. Thus, expression in

these eyes was performed using two methodologies: (1) by assessing the total area of nuclear

expression and total area of Cre/tdTomato expression and dividing the respective areas as

shown in Eq 1. (2). Across seven fetal eyes 73,499 cell nuclei were measured. To ensure the

robustness of this method the total count of nuclei (NNuc) was also determined as well as the

total count of nuclei that expressed Cre/tdTomato (NExp). The ratio of these was then taken to

determine the total percent expressing (NPer). Eq 2 shows this formula below.

NExp

NNuc
¼ NPer Eq 2

Statistics

All comparisons between treatments were performed with a linear mixed effect (LME) model

controlling for the repeated measures performed on each eye (Total expression and regional

expression) as well as for multiple eyes coming from each mouse (2 eyes per mouse). An LME

model was used because several eyes were removed due to lack of staining (intensity histogram

represented less than 5% of the dynamic range of the image) and thus modeling approaches

that could allow for “missing” data were necessary. Multiple comparisons were controlled for

using Tukey’s Post-Test. Normality was tested for using the Kolmogorov-Smirnov (KS)
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normality test. All statistical analysis was performed using R [20] with the “nlme” package [21]

and the “multcomp” package [22]. Significance was set as less than 0.05.

Results

Generation of Cre transgenic mice

To generate an RPE-specific Cre transgene, a hsp70 promoter was placed downstream of a

RPE-specific Tyr enhancer Cns-2 [17], as previously described [23]. To verify the expression of

this combined construct containing both, the Tyr enhancer Cns-2 and hsp70 promoter, a GFP
cassette was fused downstream (Tyr-GFP) (Fig 1A) [16]. As previously observed in embryonic

tissue, this Tyr-GFP construct was also spatially restricted to the RPE in the adult eye. We

observed GFP expression distributed throughout the whole RPE in adult mice (Fig 1B, S1 Fig).

To obtain a tamoxifen-inducible RPE-Tyrosinase-CreErT2 transgene, the GFP cassette was

replaced by a CreERT2 cassette [11] (Fig 1C). In order to characterize the specificity and effi-

ciency of this inducible RPE specific Cre recombinase, we crossed the RPE-Tyrosinase-CreErT2

mouse line with a tdTomato reporter line, namely Ai14. This mouse line contains a floxed Stop
cassette upstream of the gene for the red fluorescent protein tdTomato [18], and is therefore

able to express tdTomato after tamoxifen treatment (Fig 1C).

Analysis of Cre-mediated recombination in Ai14;RPE-Tyrosinase-CreERT2

mice

To evaluate recombinant expression of our generated transgene, we analyzed the expression of

tdTomato in Ai14;RPE-Tyrosinase-CreErT2 mice RPE. After five days of consecutive tamoxifen

treatment, the mouse eyes were harvested on the fifth day after the last dose, and prepared for

flatmount preparations or cryosections. Recombinant expression of tdTomato was detected

via fluorescence microscopy (Fig 2). In longitudinal cross-sections, we predominantly

observed recombination in the RPE (Fig 2A and 2B, S3 Fig) as well as in the ciliary body (Fig

2A, white arrowheads). Quantification showed relatively low recombinant expression in the

ciliary body (~10.71%) (Fig 3C and 3D). In contrast, retina flatmounts from treated animals

showed virtually no tdTomato expression (Panel A in S2 Fig). Longitudinal cross-sections

revealed occasionally weak ectopic expression in the inner plexiform layer (IPL) of the retina

(S3 Fig). To identify any possible cell type specificity of the occasional ectopic expression in

the inner retina, we performed immunohistochemistry with a variety of inner retina markers

(Calbindin, Calretinin, Protein kinase C alpha (PKC α), Glutamine synthetase (GS)). In the

rare event of red fluorescence in the retina, we never found any co-expression with these inner

retina markers, suggesting that ectopic expression was not observed in horizontal cells, ama-

crine cells, rod bipolar cells or Müller glia cells. Therefore, this expression is not in any of the

dominant retinal cell types. To confirm that tdTomato expression was not detected in any

other tissue types outside of the eye, we prepared whole mouse embryo sections at E16.5.

Whole body imaging confirmed that recombination was only restricted to the eye (Fig 3A),

and higher magnification of the eye also showed specificity for the RPE and absence of recom-

bination in the retina (Fig 3B). To test for leakiness of Cre expression, we generated flatmount

preparations from a variety of control mice, and looked for any unspecific activation of Cre

(Fig 4). In contrast to a treated Ai14;RPE-Tyrosinase-CreErT2 mouse, we never detected any

Cre activity in untreated Ai14;RPE-Tyrosinase-CreErT2 mice. We confirmed this in both male

and female mice. To exclude any preparation artifact that might lead to fluorescent detection,

we also prepared a RPE flatmount from an untreated Ai14 mouse that did not contain the

RPE-Tyrosinase-CreErT2 construct. No fluorescent signal could ever be detected. Since
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application of β-Estradiol assists late stages of gestation and initiation of pup delivery, [24], we

added β-Estradiol to our treatment solutions in both pregnant (see below) and non-pregnant

mice. To exclude unintended activation of the Cre recombinase via addition of β-Estradiol, we

treated animals with β-Estradiol alone, dissolved in flax seed oil at the same concentration as

in the tamoxifen solution (Panel B in S2 Fig). Our data showed that β-Estradiol alone was not

able to drive recombination via Cre-ERT2.

Efficacy and assessment of homogeneity of Cre-mediated recombination in

adult mice

To quantify the efficiency of the recombinant expression of our generated transgene, we ana-

lyzed the expression of tdTomato via software analysis in Ai14;RPE-Tyrosinase-CreErT2 mice.

Mice were treated as mentioned above and recombinant expression of tdTomato was detected

via fluorescence microscopy. Flatmounts of the RPE showed a uniform distribution of tdTo-

mato expression throughout the entire RPE (Fig 5A). Depending on gender, we observed

Fig 1. Generation of tamoxifen-inducible Cre transgenic mice. A: Schematic of the RPE-specific Tyr-GFP construct

used for generation of Tyr-GFP mice. B: Regional examples (I-IV) of Tyr-GFP expression showing comprehensive

expression of GFP under control of the Tyr promoter. Images taken from the flatmount shown in S1 Fig. C: Schematic

of the induction of Cre activity in double transgenic mice. Mice harboring the RPE-Tyrosinase-CreErT2 cassette and the

Ai14 cassette are treated with tamoxifen to induce Cre activity. Following recombination, the floxed exons (yellow

triangles) are excised. In the case of the Ai14 cassette, recombination removes a stop sequence allowing for expression

of tdTomato. Scale bar: (B) 50 μm.

https://doi.org/10.1371/journal.pone.0207222.g001
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between 47.25% and 69.48% recombinant expression in adult mice (Fig 5B). In female mice,

application via oral gavage (OG) did not show any significant differences compared to intra-

peritoneal injection (IP) (p = 0.949). Whereas, IP injections was significantly more efficient in

male mice compared to female mice (p = 0.0029).

Additionally, we quantified the homogeneity of recombinant expression across the entire

RPE monolayer. In order to determine any spatial differences in the level of tdTomato expres-

sion and recombination, we divided the RPE flatmounts into dorsal, ventral, nasal and tempo-

ral regions (Panel A in S5 Fig) and quantified the level of tdTomato via high-content image

analysis (Fig 5C). We saw no significant differences between nasal-temporal and dorsal-ventral

expression in any of the treatment conditions tested, thereby confirming that that our newly

generated RPE-Tyrosinase-CreErT2 driver can be used to target the entire RPE in adult animals.

Similarly, we analyzed the distribution of tdTomato expression in center versus peripheral

areas of the RPE flatmounts (Panel B in S5 Fig). The center was defined on the RPE flatmount

Fig 2. Cre-mediated recombinant expression in the RPE of adult Ai14;RPE-Tyrosinase-CreErT2 mice. A, B: Localization of tdTomato expression in an adult

eye upon Cre activity in longitudinal cryosections stained with DAPI (blue) and Arl13b (green) to visualize the connecting cilium (B), respectively. Differential

interference contrast (DIC) image was overlaid with the DAPI staining and red fluorescent tdTomato expression. Cre activity resulted in tdTomato expression,

which is seen in the RPE and to a lesser extent in the ciliary body (white arrowheads). C: Cre activity resulted in simultaneous tdTomato expression in the ciliary

body. D: Quantification of tdTomato expression in the ciliary body. n = 16 ciliary bodies from three individual animals. RPE: Retinal pigment epithelium, OS:

Outer segments, IS: Inner segments, ONL: Outer nuclear layer, OPL: Outer plexiform layer, INL: Inner nuclear layer, IPL: Inner plexiform layer, GCL: Ganglion

cell layer. Scale bars: (A) 250 μm, (B) 25 μm, (C) 25 μm.

https://doi.org/10.1371/journal.pone.0207222.g002
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at the optical nerve. As seen in Fig 5D, there was only a mean difference of 12% expression

between center (64.80%) and periphery (52.71%; p = 8.60E-07) across all treatment groups

despite the area ratio between center and periphery being 25%.

Efficacy of Cre-mediated recombination in embryonic mice

Since many developmental studies address the role of gene expression during RPE develop-

ment, we wanted to determine the level of Cre recombination driven by our RPE-Tyrosinase-
CreErT2 construct achieved in embryonic tissue. For this, timed pregnant Ai14;RPE-Tyrosi-
nase-CreErT2 mice were treated with tamoxifen in order to trigger Cre-mediated recombina-

tion embryonically. Since Tyr expression starts at E10.5 [17], we began treatment at E9.5.

Following five days of treatment, embryos were collected at E17.5, the RPE was dissected for

flatmount preparations, stained and mounted for analysis of recombinant expression of tdTo-

mato via fluorescence microscopy (Fig 6). RPE flatmounts showed a uniform distribution of

tdTomato throughout the whole RPE monolayer (Fig 6A). Two separate methods for quantifi-

cation (described in the methods) revealed similar levels of recombinant expression, namely

82.50% (Area) vs. 83.51% (Cell Count) (Fig 6B). For the Cell Count method, two values over

100% were obtained. This was caused by detection of more tdTomato positive cells than DAPI

Fig 3. Cre-mediated recombinant expression in an Ai14;RPE-Tyrosinase-CreErT2 embryo section. A: Fluorescent image of tdTomato expression in

longitudinal embryo sections stained with DAPI (blue) showing that Cre activity is restricted to the eye. B: Higher magnification of the eye region in A shows

high specificity for the RPE. Scale bar: (A) 500 μm, (B) 100 μm.

https://doi.org/10.1371/journal.pone.0207222.g003
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Fig 4. Representative RPE flatmount preparations from control animals. A: RPE flatmount of a treated female adult Ai14;RPE-Tyrosinase-CreErT2 mouse

showing tdTomato expression throughout the whole RPE. B: RPE flatmount of an untreated female adult Ai14;RPE-Tyrosinase-CreErT2 mouse showing no red

fluorescence, thus tdTomato expression. C: RPE flatmount of an untreated male adult Ai14;RPE-Tyrosinase-CreErT2 mouse showing no red fluorescence, thus

tdTomato expression. D: RPE flatmount of an untreated male adult Ai14 mouse, being Cre negative. No red fluorescence, thus tdTomato expression, was

observed. All flatmounts were counterstained with DAPI (blue). Scale bar: (A-D) 500 μm.

https://doi.org/10.1371/journal.pone.0207222.g004
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positive cells. Representative higher magnified images of a RPE flatmount are shown in Fig

6C. Manual counting of this smaller region revealed 77.87% recombinant expression (Nuclei:

235, tdTomato: 183). Manual counting of additional regions from different RPE flatmounts

Fig 5. Analysis of Cre-mediated recombinant expression and its overall distribution in the adult Ai14;RPE-Tyrosinase-CreErT2 RPE. A:

Fluorescent image showing the uniform distribution of tdTomato expressing cells throughout an adult RPE flatmount preparation. Outline of

the RPE indicated by the solid line, dotted line represents inverted choroidal tissue. B: Quantification of recombinant expression in RPE of

female mice, treated via oral gavage (OG) (47.25%) (n = 4 eyes) compared to female mice treated via intraperitoneal injection (IP) (49.35%)

(n = 6 eyes) showed similar levels of recombinant expression (p = 0.949). The difference between male (69.48%) (n = 6 eyes) and female mice,

both treated via IP, is statistically significant (p = 0.0029). C: Quantification of the recombinant expression in dorsal, ventral, nasal and

temporal areas of the RPE in three different treatment conditions (Female OG, Female IP and Male IP) showed no significant regional

differences (p = 0.9995, p = 0.5315). D: Quantification of the recombinant expression in central vs. peripheral areas of the RPE in the three

different treatment conditions (Female OG, Female IP and Male IP) showed a significant difference (p = 8.60E-07). Significance levels:> 0.05

not significant (ns),� 0.05 �,� 0.01 ��,� 0.001 ���. Scale bar: (A) 500 μm.

https://doi.org/10.1371/journal.pone.0207222.g005
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resulted in 82.35% recombinant expression (82.35% ± 2.97% SD, 2735 nuclei counted), sug-

gesting that our automated software was reliable. These results demonstrate that our newly

generated Tyr-CreERT2 mouse line can also be employed as a tool for developmental studies.

Analysis of toxicity after Cre activation

Since Cre expression can sometimes lead to cellular toxicity, we checked for pathological phe-

notypes in the RPE of treated mice [12]. High-resolution histological preparations, imaged via

transmission electron microscopy (TEM), showed no morphological changes of the RPE and

surrounding structures (Bruch’s Membrane), either after short-term (up to five days) or long-

term (up to three months) Cre activity (Fig 7A). Higher magnification of fluorescently labeled

RPE flatmounts, also showed no morphological changes in tdTomato expressing cells, based

on cellular morphology and epithelial patterning, either after short-term or long-term Cre

activity (Fig 7B). Again, suggesting that Cre expression is not detrimental to cellular homeosta-

sis. Gene expression of mature RPE markers (Lecithin retinol acyltransferase (Lrat), Retinal pig-
ment epithelium-specific 65 kDa protein (Rpe65), Transthyretin (Ttr)), as measured by

quantitative real-time PCR (qRT-PCR), showed no differential expression between treated and

Fig 6. Analysis of the Cre-mediated recombinant expression in embryonic Ai14;RPE-Tyrosinase-CreErT2 mice. A:

Fluorescent flatmount image showing the uniform distribution of tdTomato expressing cells throughout the RPE of an

E17.5 Ai14;RPE-Tyrosinase-CreErT2 embryo. Outline of the RPE indicated by the solid line. B: Upon quantification

method, recombinant expression in embryonic mice was 82.5% (Area) and 83.5% (Cell Count), respectively (n = 7

eyes). C: Representative fluorescent flatmount images showing tdTomato expression and DAPI staining of an E17.5

Ai14;RPE-Tyrosinase-CreErT2 RPE. Scale bar: (A) 200 μm, (C) 50 μm.

https://doi.org/10.1371/journal.pone.0207222.g006
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untreated mice of the same age (Fig 7C). Furthermore, no difference in gene expression was

observed between RPE tissues exposed to short- vs. long-term Cre activity.

Discussion

With its numerous functions, the RPE is unconditionally essential for the health and function

of the retina and thereby for visual processes. Since RPE dysfunction is associated with retinal

degeneration and blindness [2], it is essential to understand molecular development and func-

tion of the RPE. Currently available RPE Cre recombinases show lack of specificity or poor

recombination. Therefore, we sought to generate an alternative. Here we show that our RPE--
Tyrosinase-CreErT2 transgenic mouse line will be a valuable tool for spatially and temporally

controlled Cre activation in both, embryonic and adult mouse RPE.

Crossing our RPE-Tyrosinase-CreErT2 transgenic mouse line with a reporter mouse line

(Ai14) enabled us to evaluate the recombination efficiency and specificity. Embryo sections

revealed a specificity for ocular tissues. As shown in the immunostained eye sections, activity

of the RPE-Tyrosinase-CreErT2 is mainly restricted to the RPE. Minimal ectopic expression

was detected in the INL of the retina, where no cell type-specificity was observed. Also retina

Fig 7. Analysis of the long-term effect of Cre activity on RPE cells of adult Ai14;RPE-Tyrosinase-CreErT2 mice. A:

Electron micrographs of adult RPE at lower (left) and higher magnification (right), showing no phonotypical

abnormalities after short- and long-term Cre activity. B: Flatmount preparations of adult RPE after short-term and

long-term Cre activity, showing no morphological changes in cells expressing tdTomato expression (red) and no

expression in untreated mice. The tight junction-associated protein ZO-1 (green) was labeled to visualize the cell

borders. C: qRT-PCR shows no difference in expression of mature RPE markers (Lrat, Rpe65 and Ttr) relative to

housekeeping gene (Tbp). Ai14;Cre: Ai14;RPE-Tyrosinase-CreErT2. ST: short-term effect of tamoxifen-treatment. LT:

long-term effect of tamoxifen-treatment. BM: Bruch’s membrane. Scale bars: (A) right: 5 μm, left: 1 μm, (B) 10 μm.

https://doi.org/10.1371/journal.pone.0207222.g007
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flatmounts revealed that this level of ectopic expression is negligible. Additionally, relatively

low expression was also observed in the pigmented cells of the ciliary body. Since the RPE

extends into the pigmented parts of the ciliary body and iris during development [25], this

finding was not unexpected. Importantly, analysis of the recombinant expression of tdTomato

in the RPE revealed that Cre recombinase activity did not lead to any morphological changes

in cell morphology, proving that Cre recombinase activity did not lead to cellular toxicity and

thereby to pathological phenotypes of RPE cells. Flatmount preparations of a variety of control

mice showed a high specificity of Cre recombinase activation. Cre recombinase was only acti-

vated upon tamoxifen-treatment, confirming that the observed red fluorescence was due to

recombinant expression and not a preparation artefact.

Analysis of the recombinant expression of tdTomato in the RPE revealed between 47.25%

and 69.48% recombination in adult mice and 83.0% recombination in embryonic mice. None-

theless, a percentage of unaffected cells may serve as internal controls and thus be beneficial in

some circumstances. The difference of recombinant expression in adults vs. embryos could

reflect differential dosing in the target tissue. Furthermore, recombination in the embryos may

be more efficient, and effective since the RPE is actively developing as opposed to an already

differentiated adult eye. Other studies have also observed differences when treating female vs.

male mice with tamoxifen [26,27]. Therefore, it was unsurprising, that our treatment also led

to different recombination levels in female (49.35%) vs. male (69.48%) mice. This is most likely

caused by differences in the homeostasis of sex hormones, e.g. estrogens, especially consider-

ing that tamoxifen is an estrogen antagonist. We showed that Cre-mediated recombination in

the RPE-Tyrosinase-CreErT2 mice led to uniform distributions of expression patterns through-

out the RPE monolayer as can be seen on the RPE flatmounts. This was statistically verified

and analysis of the local distribution found no differences in expression between dorsal/ven-

tral/nasal/temporal regions. However, we do see a difference in expression levels between the

central vs. peripheral regions of adult RPE. This might reflect regional differences in the level

of Tyrosinase gene expression. Since we still do not achieve a fully penetrant recombination,

this may lie in the induction via tamoxifen and inefficient excision of the floxed exons. Expres-

sion of the Tyr-GFP construct shows virtually complete coverage, suggesting that the chosen

promoter targets most cells in the RPE.

Compared to the existing non-inducible RPE-specific Cre mouse lines, Dct-Cre [8],

Tyrp1-Cre [9], MART1-Cre [14], and BEST1-Cre [4], our RPE-Tyrosinase-CreErT2 line has the

benefit that it is possible to start recombination in both, embryonic and postnatal stages and

thereby adds a temporal dimension for establishing gene control of RPE development and

function. Since the onset of expression in those lines is at set time points (E12.5, E10.5, E12.5,

and P10, respectively) having the flexibility of choosing the onset of gene recombination in

embryos, neonates and adult mice will be of interest for studying the role of gene function in

both, development and adulthood [4,14]. Furthermore, all other existing lines show ectopic

expression. For gene knockout of widely expressed genes, knockout in the telencephalon (Dct-
Cre), the skin (MART1-Cre) or testis (BEST1-Cre), could result in unintended side effects

[4,8,14]. More relevant may be the ectopic expression in the neuroretina when using the

Tyrp1-Cre line, which might be problematic when analyzing retinal phenotypes caused by

loss-of-function mutations in the RPE [9]. In this regard, our newly generated Cre line had

minimal ectopic expression. The expression in the retina was negligible (below the limit of

quantification), confined to the INL, and was not cell type specific. In contrast to the reported

inducible RPE-specific Cre lines, Mct3-Cre [15] and VMD2-Cre [5], our RPE-Tyrosinase-
CreErT2 mice show a higher level of recombination and an earlier possible onset of expression

since the other genes are expressed later in RPE development. The Mct3-Cre line exhibits rela-

tively low levels of recombination in adults (5–20%), whereas the recombination level in
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embryos was not reported [4,15]. The VMD2-Cre line shows the highest enzymatic activity at

P4, whereas the level of recombination has not been reported so far [4,5].

Taken together, we generated a tamoxifen-inducible RPE-specific Cre transgenic mouse

line, with high levels of uniformly distributed recombination in embryos and postnatal mice.

This mouse line will serve as a valuable tool for those, who are interested in studying the func-

tional role of gene expression in the RPE. This may ultimately be advantageous for develop-

ment of new therapeutic targets to prevent RPE causative visual dysfunction.

Supporting information

S1 Fig. Tyr-GFP expression in vivo. Fluorescent image showing the high expression of GFP

throughout an RPE flatmount of an adult Tyr-GFP mouse. Roman numerals and correspond-

ing boxes indicate the regions which were taken for Fig 1B. Scale bar: 500 μm.

(TIF)

S2 Fig. Absent Cre-mediated recombinant expression in control tissue. A: Representative

image of an adult Ai14;RPE-Tyrosinase-CreErT2 retina flatmount showing minimal tdTomato

expression. Differential interference contrast (DIC) image was overlaid with the red fluores-

cent tdTomato expression image. B: Representative image of an adult Ai14;RPE-Tyrosinase-
CreErT2 RPE flatmount treated with β-Estradiol only. Outline of the RPE indicated by the solid

line, dotted line represents inverted choroidal tissue. Scale bars: (A,B) 500 μm.

(TIF)

S3 Fig. Cre-mediated ectopic expression in the retina is not cell type-specific. Representa-

tive immunofluorescence images of retina sections from treated adult Ai14;RPE-Tyrosinase-
CreErT2 mice, stained with antibodies against (A) Calbindin, (B) Calretinin, (C) PKC α, and

(D) GS. Ectopic expression never co-localized with any of the inner retina specific markers.

RPE: Retinal pigment epithelium, OS: Outer segments, IS: Inner segments, ONL: Outer

nuclear layer, OPL: Outer plexiform layer, INL: Inner nuclear layer, IPL: Inner plexiform

layer, GCL: Ganglion cell layer. PKC α: Protein kinase C α, GS: Glutamine synthetase. Scale

bars: (A) 50 μm, (B-D) 75 μm.

(TIF)

S4 Fig. Validation montage image as generated by the analysis program. After microscopy,

the raw image was processed using color correction, contrast adjustment, and the background

was manually removed, resulting in the processed image. Using this image, the program mea-

sured first the total area in pixels and afterwards the fluorescent cells in pixels. On the far right

panel, the images for total area und measured cells were merged.

(TIF)

S5 Fig. Representation of RPE locations used for regional comparisons. A: Example of RPE

flatmount divided into dorsal (magenta) vs. ventral (cyan) and nasal (magenta) vs. temporal

(cyan) areas. B: Example of RPE flatmount divided into central (cyan) vs. peripheral (magenta)

areas.

(TIF)
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Manuscript I – Ablation of primary cilia exclusively in the RPE leads to retinal 

degeneration and visual impairment in mice (Co-First Author; submitted) 

In this publication, we show that ablation of primary cilia exclusively in the RPE results in a 

progressive ocular pathogenicity leading to visual impairment. For the first time, it could be 

demonstrated that cilia defects in the RPE, which precede retinal defects, contribute to ret-

inal degeneration. This is caused by initially affecting RPE homeostasis and function, ulti-

mately leading to photoreceptor degeneration and vision loss. 
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Abstract  12 

Vision impairment places a serious burden on the aging society, affecting the lives of mil-13 

lions of people. Many retinal diseases are of genetic origin, of which over 50% are due to mutations 14 

in cilia-associated genes.  Most research on retinal degeneration has focused on the ciliated pho-15 

toreceptor cells of the retina. However, the contribution of primary cilia in other ocular cell types 16 

has largely been ignored. The retinal pigment epithelium (RPE) is a monolayer epithelium at the 17 

back of the eye intricately associated with photoreceptors and essential for visual function.  It is 18 

already known that primary cilia in the RPE are critical for its development and maturation, how-19 

ever whether this affects RPE function and retinal tissue homeostasis is unclear. By generating a 20 

conditional knockout mouse model in which primary cilia were exclusively ablated in the RPE we 21 

could for the first time show that cilia disruption in the RPE results in defective RPE function. This 22 

results in photoreceptor degeneration and ultimately leads to vision impairment. Transcriptomic 23 

analysis offers insights into mechanisms underlying pathogenic changes which include transcripts 24 

related to epithelial homeostasis, the visual cycle and phagocytosis. This mouse model enables 25 

us to tease out the functional role of cilia in the RPE and their contribution to retinal degeneration, 26 

providing a powerful tool for basic and translational research in syndromic and non-syndromic 27 

retinal degeneration. Our findings that cilia defects in the RPE precede and contribute to retinal 28 

degeneration should be considered when designing treatment strategies for retinal degeneration.  29 
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Introduction 30 

Vision loss affects more than 200 million people globally and with an aging population it is set to 31 

increase exponentially. A multitude of retinal diseases responsible for vision loss are genetically 32 

inherited, with 300 retinal disease-causing genes identified so far. Strikingly, at least 50% of these 33 

genes encode cilia-associated genes. Primary cilia are microtubule-based sensory organelles 34 

found on almost every eukaryotic cell type and are crucial for many developmental and physiolog-35 

ical processes. They are comprised of an axoneme, composed of nine microtubule doublets ex-36 

tending from the basal body, and a ciliary membrane, which is continuous with the cell membrane. 37 

Due to an accumulation of receptors in the ciliary membrane, primary cilia coordinate several 38 

signaling pathways such as Wnt, Hedgehog (Hh), and transforming growth factor-β (Tgf-β), all 39 

indispensable for cell differentiation, organogenesis and tissue homeostasis (1–5).  40 

Defects in primary cilia function or assembly are responsible for a wide range of diseases, 41 

collectively termed ciliopathies. Retinal degeneration is one of the most common phenotypes as-42 

sociated with all syndromic ciliopathies. Furthermore, primary cilia dysfunction has been associ-43 

ated with a growing number of non-syndromic retinal dystrophies, such as retinitis pigmentosa 44 

(RP) (2,6). In the vertebrate eye, primary cilia are present in a variety of different cell types (2). So 45 

far, most research on retinal degeneration in ciliopathies has predominantly focused on the highly 46 

specialized primary cilium of the retinal photoreceptor cell, which elaborates in a connecting cilium 47 

followed by a sensory photoreceptor outer segment (POS), constituted of stacked membranous 48 

discs enriched for components of the phototransduction machinery. However, the contribution of 49 

defective primary cilia in other ocular cell types has not yet been comprehensively studied (2,7).  50 

We have recently shown that primary cilia in the retinal pigment epithelium (RPE) are cru-51 

cial for its development and maturation. Furthermore, ciliary defects impair RPE functions that are 52 

essential for photoreceptor health and activity (7,8). The RPE is a monolayer of pigmented epi-53 
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thelial cells located between the neural retina and the choriocapillaris. With their long apical mi-54 

crovilli, RPE cells closely interact with photoreceptors in order to maintain visual function and en-55 

gulf the oxidized extremities of light-sensitive POS continuously  (9–11). Due to its diverse roles, 56 

the RPE is indispensable for health, maintenance, and function of the photoreceptor cells and, 57 

therefore, for vision. RPE dysfunction can lead to retinal degeneration and blindness, and has 58 

been associated with inherited rod-cone dystrophies and age-related macular degeneration 59 

(AMD), the most common cause of irreversible blindness in the elderly population (10–13).  60 

Whether ciliary dysfunction in the RPE disrupts RPE function, and how this might contrib-61 

ute to vision loss or retinal degeneration is not known. Therefore, we sought to generate a condi-62 

tional targeted ciliopathy in the RPE. To do this we analyzed a conditional Intraflagellar transport 63 

protein 20 homolog (Ift20) knockout mouse model, in which primary cilia were exclusively ablated 64 

in the RPE (14,15). The Ift20 gene encodes an intraflagellar transport (IFT) protein essential for 65 

assembly, maintenance, and function of primary cilia. Defects in IFT have been shown to impair 66 

ciliogenesis (2,16,17) and loss of IFT20 is seen as a good model for loss of ciliary function.   67 

Our data provide evidence that loss of primary cilia exclusively in the RPE results in phys-68 

iological defects affecting RPE homeostasis and function and demonstrates that disruption of this 69 

process may contribute to aberrant retinal abnormalities. For the first time, we could show that 70 

ciliary defects in the RPE can precede retinal degeneration and subsequent visual impairment.  71 

Results 72 

Deletion of Ift20 in the RPE ablates primary cilia in the RPE 73 

without affecting retinal development 74 

In order to abolish primary cilia exclusively in the RPE, conditional Ift20 knockout mice 75 

(Ift20null;Tyrp2-Cre) were generated by crossing Ift20flox mice with a Tyrosinase-related protein-2 76 

(Tyrp2)-Cre transgenic mouse line, in which Cre activity in the eye was observed from mouse 77 
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embryonic day E9.5 onwards  (18). Consistent with the gradual Tyrp2 expression in the developing 78 

RPE at E11.5, Cre activity was observed mainly in the dorsal RPE with a ‘patchy’ activity in the 79 

ventral RPE. At E13.5, most of the RPE cells showed Cre activity (14,15). This results in a reme-80 

diated deletion of exons 2 and 3, leading to the loss of the start codon and thus producing a null 81 

allele for Ift20 (15). Ablation of Ift20 eliminates the complete ciliary structure since IFT20 assists 82 

in the transport of ciliary membrane proteins from the Golgi complex to the cilium (17), essential 83 

for assembly, maintenance and function of primary cilia (16,17). 84 

To determine the efficiency of recombination, we stained RPE flatmounts of E16.5-old mice 85 

for IFT20 and for the cis-Golgi matrix protein GM130 (Figure 1a) (17). Quantification, wherein only 86 

cells positive for GM130 were considered, revealed that Ift20null;Tyrp2-Cre mice showed a signifi-87 

cant reduction in IFT20 expression in the RPE (5.3%) compared to controls (98.5%) (Figure 1b). 88 

To determine whether this reduction of IFT20 expression in the RPE leads to a loss of cilia, we 89 

identified primary cilia via co-localization of ciliary membrane marker ARL13b and transition zone 90 

marker GT335 at E16.5 when RPE primary cilia are longest and most abundant (Figure 1c) (19). 91 

Quantification confirmed a significant decrease in ciliation in Ift20null;Tyrp2-Cre RPE (total ciliation 92 

= 12.5%) compared to controls (total ciliation = 84.3%) (Figure 1d).  93 

Despite loss of primary cilia in the RPE, adjacent photoreceptor primary cilia and the retina 94 

developed normally. Histological sections and transmission electron microscopy (TEM) of eye 95 

sections from 1-month-old mice showed that deletion of Ift20 specifically in the RPE does not 96 

affect the development and maturation of the neural retina (Figure 1e). Furthermore, in 97 

Ift20null;Tyrp2-Cre mice, we were able to observe fully matured photoreceptors, exhibiting a typical 98 

photoreceptor primary cilium with a basal body, transition zone (connecting cilium) and axoneme, 99 

extending into the outer segment (Figure 1f,g). To confirm that our Cre driver activity was re-100 

stricted to the RPE, we crossed the Tyrp2-Cre line with a tdTomato reporter mouse, namely Ai14. 101 

This mouse line contains a floxed Stop cassette upstream of the gene for the red fluorescent 102 
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protein tdTomato (20), and only expresses tdTomato in cells with Cre activity. Fluorescent analysis 103 

of ocular sections confirmed that Tyrp2-Cre activity was only found in the RPE (Figure 1h).  104 

Loss of primary cilia in the RPE results in defective RPE func-105 

tion 106 

To examine the functional effect of primary cilia loss exclusively in the RPE, we measured 107 

the RPE response by direct current ERG (dcERG) in P25 mice (Figure 2a-c). In Ift20null;Tyrp2-108 

Cre mice we observed significant differences compared to control mice in the c-wave response (p 109 

= 0.045).  The c-wave mainly comes from sub retinal K+ changes leading to K+ signaling in the 110 

RPE and reflects functional integrity of photoreceptors and RPE (21,22).  We also observed a 111 

significant difference in fast oscillation (FO, p = 0.029), which suggests delayed hyperpolarization 112 

of the basolateral membrane of the RPE, probably as a delayed consequence of light-evoked 113 

subretinal K+ decrease that leads to a decreased potential across the RPE ( effectively causing 114 

the c-Wave) (Figure 2b,c) (23). Similarly, the Light Peak response (LP) was significantly reduced 115 

in Ift20null;Tyrp2-Cre mice (p = 0.0056), indicating a possible defect in Cl- channel activity, causing 116 

depolarization of the basal membrane (24). The off-response (Off) showed a reduced trend, how-117 

ever, this was not statistically significant. 118 

RPE-photoreceptor interaction was also examined by analysis of retinal adhesion between 119 

RPE cells and adjacent photoreceptors. Normally, RPE apical microvilli form a functional connec-120 

tion between the RPE and POS (10,11). Melanin synthesized by the RPE  can be found in the 121 

apical processes that wrap around the photoreceptor outer segments of the retina. This makes it 122 

a good marker for assessing the attachment of the RPE to the retina upon separation. We as-123 

sessed retinal adhesion in P16 and 3-month-old mice by quantifying the amount of melanin, found 124 

in RPE-derived microvilli, attached to the retina after mechanical separation from the RPE (Figure 125 

2d) (25). We observed a significantly reduced amount of melanin attached to the retina in 126 

Ift20null;Tyrp2-Cre mice compared to control as early as P16, suggesting a decrease in retinal 127 
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adhesion (Figure 2e). At the age of P30, this reduction is even more pronounced. In contrast, the 128 

melanin concentration in Ift20+/+;Tyrp2-Cre retinas remained stable between these two time points.  129 

To determine whether the RPE from Ift20null;Tyrp2-Cre mice had a phagocytiosis defect, 130 

we cultured RPE cells from Ift20null;Tyrp2-Cre and Ift20+/+;Tyrp2-Cre mice and performed phago-131 

cytosis assays in vitro (26). After being exposed to POS, we found that mutant RPE cultures were 132 

less able to phagocytose POS as compared to the control RPE (Figure 2f,g).  133 

Combined, these results suggest that the loss of primary cilia in the RPE affected several 134 

aspects of RPE function and homeostasis. To determine whether this was enough to influence 135 

retinal health and visual function, we sought to further characterize the visual phenotype in 136 

Ift20null;Tyrp2-Cre mice.  137 

Ablation of primary cilia exclusively in the RPE leads to visual 138 

impairment in mice 139 

Despite changes in RPE functionality that were observed as early as P25, retinal health 140 

as observed via electroretinogram (ERG), and visual function as measured via the optomotoric 141 

reflex (OMR), was initially unaffected. ERG responses were measured under both scotopic (dark-142 

adapted, 10 cd.s/m2) and photopic (light-adapted, 100 cd s/m2) conditions over a period of 12 143 

months (Figure 3a-e). Representative ERG traces of Ift20null;Tyrp2-Cre and Ift20+/+;Tyrp2-Cre 144 

mice at 1 -month, 6 -months and 12 -months of age are shown in Figure 3a. In control mice, the 145 

amplitudes for both the scotopic and photopic a-waves, which reflect photoreceptor responses, 146 

and the scotopic and photopic b-waves that mirror the response of secondary neurons remained 147 

constant over a period of 12 months. At 1-month of age no significant differences could be ob-148 

served between Ift20null;Tyrp2-Cre mice compared to controls. However, starting at 2-months of 149 

age the amplitude of the scotopic a-wave was significantly lower at around -330µV and declined 150 

to approximately 50% (~160µV) over the course of a year (Figure 3b). In agreement with our 151 
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observations, by the age of three months scotopic b-wave response in the mutants was also sig-152 

nificantly lower and declined to approximately 50% at 1-year of age (Figure 3c). Similarly, in pho-153 

topic conditions significant changes in a- and b-wave amplitudes compared to controls were ob-154 

served from 3-months of age onwards and declined by approximately 50% over the course of a 155 

year (Figure 3d,e). 156 

These findings were consistent with the morphology of the retinal layers as observed via 157 

optical coherence tomography (OCT) (Figure 3f,g,h)(27). Highly significant changes in the thick-158 

ness of the retina in Ift20null;Tyrp2-Cre mice, compared to controls, were only observed from 6-159 

months of age. This was predominantly driven by the loss of photoreceptor cells, noticeable by a 160 

significant reduction of the outer nuclear layer, consistently declining from the age of five months 161 

onwards (Figure 3h, black significance levels). This was accompanied by thinning of the POS 162 

layer, while inner segment thickness did not significantly decline until 10-months of age. Collec-163 

tively, these measurements show the subsequent reduction of outer retinal layers over time. De-164 

spite these changes, visual acuity did not seem to be affected as measured via the OMR. Visual 165 

acuity thresholds remained stable at around 0.38 cyc/° in ft20null;Tyrp2-Cre, as well as in control 166 

Ift20+/+;Tyrp2-Cre (Supplementary Figure 1).  167 

Combined, these data suggest a normally developing retina with relatively stable morphology and 168 

function in the first 2-months of age, after which we observe a progressive retinal degeneration 169 

and a decline in ERG responses, although global vision, as seen by the OMR response, remains 170 

intact. 171 

Loss of primary cilia in the RPE leads to defective RPE ultra-172 

structure resulting in increased macrophage accumulation 173 

over time. 174 
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To gain insight into the mechanism underlying RPE dysfunction and corresponding retinal 175 

degeneration, we examined RPE morphology more closely. Using histology and TEM, we ana-176 

lyzed the ultrastructure of the RPE and adjacent POS in 1- and 4-months-old mice (Figure 4). In 177 

the mutant at 1-month of age, we observed an increased number of subretinal vacuoles, which 178 

appeared to be membrane bound and filled with small particles (Figure 4a,b). Despite these struc-179 

tures occasionally being found in the control, they were more commonly observed in Ift20null;Tyrp2-180 

Cre RPE (Figure 4c) and had never been seen in preparations from ciliopathy mutant mice before. 181 

Surprisingly, at 4-months of age vacuoles were no longer present.  182 

In contrast, at 4-months of age, we observed numerous abnormalities in mutant RPE cells. 183 

These include regions of multilayered cells (Figure 4d top right panel) and abnormal accumula-184 

tion of material, possibly detached microvilli or un-phagocytosed POS, in the subretinal space 185 

(Figure 4d bottom right panel). Closer inspection revealed that the microvilli-like structures in 186 

the mutant were often not as closely attached to the RPE and were less likely to engulf POS 187 

compared to control. This observation is consistent with the loss of retinal adhesion as seen by 188 

the retinal adhesion assay (Figure 2d,e) and suggests a defect in physiological processes. De-189 

spite seeing changes of the microvilli structures upon TEM, scanning electron microscopy (SEM) 190 

at an earlier time point (Supplementary Figure 2a) did not show any differences. However, these 191 

studies could only be done at P0, since the close association between the RPE and POS prohibits 192 

a clean separation between the two tissues at later stages.  193 

In an attempt to quantify these ultrastructural changes, we measured the thickness of the 194 

RPE, the width of the Bruch’s membrane, as well as the ‘depth’ of the microvilli (in terms of dis-195 

tance between the apical RPE membrane and end of the POS (Figure 4e,f). Although there was 196 

no significant difference in RPE thickness between control and mutant at either of the two time 197 

points measured (Figure 4g), the microvilli ‘depth’ was significantly increased at both stages (Fig-198 

ure 4h). The thickness of the Bruch’s membrane was only slightly increased in the mutant at one 199 
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month of age (Figure 4i). We also noticed that the centered elastin layer of the Bruch’s membrane 200 

became increasingly discontinuous in the mutant (Figure 4j). 201 

RPE cells from Ift20null;Tyrp2-Cre mice also displayed abnormal pigmentation at both time 202 

points examined (Supplementary Figure 2b) . Examples include two ‘normal’ RPE cells flanking 203 

a cell almost completely devoid of melanosomes at 1-month of age. In addition, at 4-months of 204 

age we observed an RPE cell that appeared devoid of melanosomes in the cell body, which was 205 

flanked by an RPE cell with an excessive accumulation of melanosomes. 206 

The increasing pathogenicity of the RPE in Ift20null;Tyrp2-Cre mice over time led us to  207 

examine macrophage/microglia in the subretinal space in older mice (1-2 years). We fluorescently 208 

labeled RPE flat mounts with the macrophage/microglia markers IBA1 and F4/80 (Figure 5a). We 209 

imaged the entire RPE flat mount and quantified the number of macrophages per mm2 (Figure 210 

5b). Combining all ages reveals significantly more macrophages in Ift20null;Tyrp2-Cre animals 211 

(Figure 5c). These findings were confirmed in a separate experiment with a different cohort of 212 

mice (Supplementary Figure 3). Increased expression of these markers is a sign of elevated 213 

inflammatory and degenerative processes as a result of and possible contributing to continued 214 

pathogenesis.  215 

Taken together with our previous data, it appears as if defects in RPE homeostasis and 216 

physiological processes might underly RPE malfunction, ultimately affecting photoreceptors and 217 

leading to their demise. 218 

 219 

Single-cell analysis of RPE flatmounts revealed minor 220 

changes to cellular morphology  221 

To further probe the phenotype of Ift20null;Tyrp2-Cre mice we examined epithelial patterning at  222 

P11, P29 and P90. For this we assessed changes in cellular morphology via high-content image 223 

analysis of fluorescently labelled images of entire RPE flatmounts from both Ift20+/+;Tyrp2-Cre and 224 
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Ift20null;Tyrp2-Cre mice at P11, P29 and P90. Each RPE flat mount was stained with phalloidin 225 

and imaged in tiled panels at 20x magnification. Cell borders were recognized and segmented 226 

using REShAPE, a machine learning based segmentation tool for RPE monolayer (28). The re-227 

sultant images outlining the cell borders were used to calculate cell morphometry for individual 228 

RPE cell (Figure 6a). We analyzed four morphometric features, namely cell area, aspect ratio 229 

(AR), number of neighbors and hexagonality, which have previously been shown to define the 230 

compact packing of RPE cells and change in degenerating RPE cells (28).  231 

Upon analysis of all cells across the whole flat mount, we observed a modest increase in cell size 232 

in the mutant starting from P29 onwards (Figure 6b,c). This was accompanied by a small but 233 

significant decrease in the aspect ratio at the same ages, which refers to the elongation of the 234 

cells (Figure 6c). The number of neighbors and hexagonality score was not significantly different 235 

at any stage (Figure 6c).   236 

Despite seeing minor changes in cellular morphology by three months of age, this was not 237 

accompanied by an increase in RPE cell death as measured by apoptotic markers Caspase 3 and 238 

8 (Figure 6d-f). This suggests that the mild defects we see in epithelial patterning at this age is 239 

not due to RPE cell loss.  240 

 241 

Transcriptomic analysis reveals maturation defects in mutant 242 

RPE 243 

To further investigate the effect of primary cilia ablation specifically in the RPE, we per-244 

formed an unbiased RNA-seq analysis of RPE cells isolated from Ift20null;Tyrp2-Cre and 245 

Ift20+/+;Tyrp2-Cre mice at P11, P29 and 3-months of age. At all three time-points we observed a 246 

significant mis-regulation of the transcriptome compared to controls (Figure 7). More specifically, 247 

at P11 we observed an up-regulation of 853 transcripts and a down-regulation of 724 transcripts. 248 
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At P29, we observed an up-regulation of 403 transcripts and a down-regulation of 300 transcripts. 249 

At 3 months, we observed an up-regulation of 454 transcripts and a down-regulation of 145 tran-250 

scripts (Figure 7a, Supplementary Table 1). We compared the differentially expressed genes 251 

(DEGs) with a list of RPE signature genes published in Strunnikova et al. (2010) (Figure 7b, 252 

Supplementary Table 2). The number of differentially expressed RPE signature genes de-253 

creased as the tissue matured, however, across all ages more genes were down-regulated than 254 

up-regulated compared to controls, suggesting a less robust RPE transcriptome (Figure 7a).  255 

In an attempt to further determine the biological consequences of these differentially ex-256 

pressed transcripts, we performed a gene ontology enrichment analysis (GOEA), restricting the 257 

output to biological process (BP) terms at each time point (Figure 7c,d, Supplementary Table 258 

3). At P11, many of the down-regulated transcripts correlated with BPs associated with develop-259 

ment, differentiation, and maturation. These include ‘epithelial cell proliferation’, ‘regulation of sig-260 

nal transduction’ and ‘regulation of multicellular organismal development’. At P29, we found more 261 

changes in transcripts related to RPE function, with BPs including ‘visual perception’, ‘ion trans-262 

membrane transport’ and ‘response to cAMP’. In contrast to P11, we found many more BPs up-263 

regulated than down-regulated at 3-months of age. Since the retina had begun to deteriorate by 264 

this stage, many of these changes are likely to be secondary, as a consequence of a loss of 265 

cellular homeostasis between RPE and PRs.  266 

Although all three time points reflect different stages of RPE maturation and pathogenic 267 

processes, it is still interesting to compare differentially expressed transcripts common across all 268 

three data points as these might reflect possible underlying mechanisms (Supplementary Table 269 

4): we identified 50 genes that were consistently up-regulated, whilst only 16 genes were consist-270 

ently down-regulated. Consistently down-regulated genes included Rpe65, a key component of 271 

the visual cycle (10,11). More importantly, consistent with our morphological and functional data, 272 

we observed that the expression of Nog (Noggin) was most strongly inhibited (refer to Supple-273 

mentary Table 4). Nog has been described as an anti-EMT (epithelial-to-mesenchymal transition) 274 
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gene, as its overexpression suppresses EMT (30–32). Moreover, the four most highly up-regu-275 

lated genes were all keratins (Krt15, Krt4, Krt5 and Krt6a) (Supplementary Table 4). Mis-regula-276 

tion of keratins have been shown to contribute to EMT, of which specifically Krt6a overexpression 277 

has been found to induce EMT in lung carcinoma (33). This data is in line with our previous findings 278 

that loss of ciliary protein Bbs8 in the RPE leads to a pathological phenotype involving EMT (8) 279 

and is consistent with the increased aspect ratio of Ift20null;Tyrp2-Cre RPE.  280 

Furthermore, among the common DEGs we observed significant changes in DEGs asso-281 

ciated with epithelial characteristics (Figure 8, Supplementary Table 5). Genes that are associ-282 

ated with transmembrane transport (Figure 8a) were down-regulated in P29 Ift20null;Tyrp2-Cre 283 

RPE but up-regulated at 3 months of age. Furthermore, in P29 and 3 month-old Ift20null;Tyrp2-Cre 284 

RPE we found genes associated with cytoskeletal reorganization that are mis-regulated (Figure 285 

8b), and genes that are associated with tissue remodeling, which were down-regulated (Figure 286 

8c). These results show a switch in gene expression of genes associated with the epithelial char-287 

acteristics of the RPE.  288 

Since many of our phenotypic findings had shown functional disruption, we specifically 289 

identified differentially expressed transcripts associated with the visual cycle and phagocytosis 290 

(Figure 8d,e). As already highlighted, RPE65 a key component of the visual cycle was consist-291 

ently down regulated across all three ages. Furthermore, there was an increase in differential 292 

regulation of other visual cycle transcripts as the tissue matures and ages. The opposite could be 293 

said for transcripts associated with phagocytosis.  294 

As a proof of concept, we validated RNA seq results via qPCR and Immunohistochemistry. 295 

qPCR confirmed upregulation of Mfge8 expression at P29 and immunohistochemistry showed a 296 

reduction of RPE65 levels at 3 months.  297 

 298 

Collectively, all these observations strongly suggest that the ablation of primary cilia exclusively 299 

in the RPE results in a progressive ocular pathogenicity that leads to visual impairment. Loss of 300 
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primary cilia only in the RPE causes defects in RPE maturation and RPE function, both of which 301 

ultimately affects photoreceptor health and cause their degeneration. Along with the progressive 302 

demise of retinal photoreceptors, we could show that ERG responses in Ift20null;Tyrp2-Cre mice 303 

declined, leading to visual impairments of those mice. 304 

Discussion 305 

Primary cilia dysfunction leads to a wide range of pathological phenotypes, collectively termed 306 

ciliopathies, with retinal degeneration being one of the most common. Ciliary mutations do not 307 

only cause syndromic retinal disorders, but they also underlie numerous non-syndromic retinal 308 

dystrophies (https://sph.uth.edu/Retnet/). So far, most research on retinal ciliopathies has focused 309 

on the highly specialized primary cilium of the photoreceptors, which undoubtedly contribute sig-310 

nificantly to disease progression. However, the contribution of dysfunctional primary cilia in other 311 

ocular cell types has not yet been comprehensively studied (2,6,7). 312 

We recently showed that loss of Bbs8, a gene encoding for a component of the “BBSome”, 313 

which is required for ciliary trafficking, results in defects in RPE homeostasis and function (8). 314 

Although it could be shown that defective cilia in the RPE affect RPE function, it must be consid-315 

ered that interaction with defective photoreceptors might be a leading driver to this effect. Thus, 316 

distinguishing whether defects in the RPE precede or contribute to retinal defects is difficult. To 317 

be able to delineate the mutual influence of these two tissues, we aimed at dissecting the role of 318 

ciliary defects in the RPE by ablating primary cilia exclusively in the RPE for which we used an 319 

RPE-specific Ift20 conditional knockout mouse model (14,15).  320 

Here, we demonstrate for the first time that loss of ciliation in the RPE leads to defects in 321 

RPE homeostasis and functionality that ultimately lead to retinal degeneration along with visual 322 

impairment. Importantly, adjacent retina was not affected since the morphology of the retina in 323 

TEM sections looked comparable to control, and ERG function was not significantly altered until 324 

2-months of age. This suggests that our Cre driver is not leaky and that any subsequent loss in 325 
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retinal function is a secondary consequence of disruption in the RPE. From the data we show, we 326 

conclude that the RPE phenotype precedes photoreceptor degeneration, as can be seen by a 327 

combination of ERG and OCT data. The RPE displays a significant phenotype (already evident at 328 

1 month (Figure 2a-c)) much earlier on than the photoreceptors of the retina (becoming significant 329 

from 3 month onwards- Figure 3 b,d,f-h (ONL-thickness)). 330 

The choice of Cre driver is an important factor to consider. Many RPE-specific Cre drivers 331 

are under the control of late RPE genes, which only become active once the RPE has matured. 332 

However, since the cilium is expressed as early as E14.5 (7,19), we chose a Cre driver with early 333 

RPE Cre activity starting at E11.5 (15). The majority of RPE cells retract their cilium post birth, 334 

with only 5-10% remaining ciliated in adult (19). Since our Cre driver is already active during em-335 

bryonic development, we are not able to address the question of what these remaining ciliated 336 

RPE cells are doing and how they might be contributing to RPE function post development. For 337 

this we would need to use an inducible Cre driver to ablate ciliation only in the RPE at later time 338 

points such as the Tyrosinase-CreErT2 mouse line that we recently characterized (34). What we 339 

could show here is that developmental defects in the RPE lead to it a pathological degeneration 340 

which precedes retinal degeneration. 341 

We decided to use the Ift20 floxed mouse line to ensure that all aspects of ciliation would 342 

be ablated. In addition to IFT, which is essential for trafficking along the ciliary axoneme, IFT20 is 343 

also required for trafficking from the Golgi to the base of the cilium (17), thereby influencing very 344 

early stages of ciliogenesis. In contrast, floxed mouse lines with many other IFT genes still retain 345 

some residual ciliary machinery. It is also important to consider that ciliary proteins have also been 346 

shown to exert non ciliary functions, disruptions of which likely contribute to a cellular phenotype 347 

(35–38). By careful examination and comparison of different RPE-specific cilia mutants, one might 348 

be able to tease out the role of the cilium vs. ciliary proteins in other cellular functions.  349 

Of particular interest is the role of cilia in relation with the actin cytoskeleton. Ciliary signal-350 

ing and ciliary proteins regulate various aspects of actin dynamics (39). The RPE cannot be 351 
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viewed alone but as a functional unit closely associated with the POS. This interaction is mediated 352 

via the actin-based apical processes, modified microvilli, extending from the RPE apical surface. 353 

In our data we have seen numerous indications that this close connection is disrupted. We ob-354 

served changes in the retinal adhesion, decreased rates of phagocytosis, as well as structural 355 

changes (vacuoles at 1-month of age and excess material at 3-months of age) in the subretinal 356 

space (Figure 4a-f). The accumulated debris seen at 3-months of age might be excess microvilli-357 

like structures or possibly non-phagocytosed POS, both of which could be a consequence of dis-358 

rupted interaction between the RPE and retina. The question remains whether the dysfunctional 359 

apical processes are a consequence of ciliary signaling and secondary cytoskeletal rearrange-360 

ments, or whether ciliary proteins have a direct effect on these actin networks. The modest 361 

changes in RPE cellular morphology as seen via REShAPE analysis might also be a consequence 362 

of cytoskeletal aberrations. Further examination of cellular morphology at later stages would be of 363 

interest, however the older the tissue becomes the higher the likelihood of secondary conse-364 

quences due to retinal degeneration.   365 

 We were encouraged to see that the stimulus related response of the RPE reflected 366 

by the different dcERG components was significantly reduced in our mutant mice as early as 1-367 

month of age, which indicates reduced or mal-function of the RPE. Light causes a hyperpolariza-368 

tion in the photoreceptors resulting in a reduction in subretinal K+. This leads to a hyperpolarization 369 

in the RPE apical membrane and a decrease in intracellular K+ as the RPE tries to compensate 370 

the loss of K+ in subretinal space. This leads to a delayed hyperpolarization of the basal mem-371 

brane. The RPE response is consequently not directly induced by light but reflects the responses 372 

to photoreceptor light response (40). A decrease in the c-wave response suggests changes in 373 

inward rectifying K+ conductance. The positive c-wave, which peaks several seconds after the 374 

light onset, consists of two underlying potentials, both involving inward rectifying K+ conductance 375 

(41–43). It is firstly comprised of a negative potential caused by the Müller cells and secondly of a 376 

much larger positive potential caused by the apical membrane of the RPE when measured at the 377 
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cornea surface. Furthermore, a significant change in Fast Oscillation (FO) represents defects in 378 

the delayed basolateral membrane hyperpolarization (44). The most significant change was ob-379 

served in the Light Peak (LP) response which represents the activities of Cl- channels depolarizing 380 

the basal membrane (24,45).  381 

 The transcriptomic data offers first insights into mechanisms underlying pathogenic 382 

changes. Perhaps unsurprisingly, at the earliest time point examined (P11) many of the differen-383 

tially expressed transcripts were related to development, differentiation, and maturation. As the 384 

tissue ages we found more changes in transcripts related to RPE function, which reflect an im-385 

paired apical membrane structure, possibly initiating EMT. There is mounting evidence that abla-386 

tion of primary cilia triggers EMT (46,47). Moreover, the association between loss of ciliation in 387 

the RPE and EMT is in keeping with our previous findings in congenital Bbs8 knockout mice, in 388 

which we showed that loss of BBS8 induces EMT-like traits in the RPE  and is consistent with 389 

higher aspect ratio in mutant RPE cells (8). Our data, suggesting that lack of cilia might underly a 390 

possible EMT phenotype which precedes and is possibly the cause of photoreceptor degenera-391 

tion, is in line with other recent findings that EMT in the RPE underlies retinal degeneration (48–392 

50). This might offer a valuable entry point into therapeutic interventions. Since these initial find-393 

ings had not been done in a conditional RPE-specific knockout, it had been difficult to attribute the 394 

phenotype with ciliation in the RPE alone, yet our current findings support a direct link between 395 

these two. Additional mouse models using alternative floxed drivers for various cilia related genes, 396 

as well as different RPE-specific Cre drivers that ablate ciliary proteins at various time points in 397 

RPE development and maturation, would be helpful to pinpoint more precise roles for cilia and 398 

cilia proteins in all aspects of RPE biology.  399 

It was also interesting to observe several differentially expressed transcripts associated 400 

with the visual cycle and phagocytosis. Since we could see an increase in differential regulation 401 

of visual cycle transcripts as the tissue matured it suggests a worsening phenotype over time. 402 
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Intriguingly, the opposite could be said for transcripts associated with phagocytosis. The reason 403 

for this is as yet unclear and further proteomic examination of these targets is required. Since cilia 404 

have also been shown to be involved in autophagy (51), we also looked for expression of autoph-405 

agy transcripts. Out of a curated list of 179 genes we found less and less differentially regulated 406 

autophagy genes as the tissue matured (with just six at 3 months) (Supplementary Table 6). This 407 

suggested that autophagy is less affected in these mutants and is in line with our TEM analysis in 408 

which we did not observe any accumulation of autophagosomes and autophagolysosomes struc-409 

tures in the RPE. 410 

 In summary, we could demonstrate that loss of cilia in the RPE leads to a pathogenic 411 

phenotype that has a significant impact on retinal degeneration leading to visual impairment. This 412 

shows that cilia defects in the RPE precede and contribute to retinal degeneration, which must be 413 

considered when designing treatment strategies for retinal degeneration. These findings are rele-414 

vant for both syndromic ciliopathy patients, as well as for patients suffering from non-syndromic 415 

retinal degeneration as a consequence of mutations in ciliary genes. 416 

Materials and Methods 417 

Animals 418 

All animal experiments had ethical approval from the Landesuntersuchungsamt Rhein-419 

land-Pfalz and were performed in accordance with the institutional guidance for care and use of 420 

laboratory animals. Animal maintenance and handling was performed in line with Federation for 421 

Laboratory Animal Science Associations (FELASA) recommendations. Mice were housed in a 12-422 

hr light/dark cycle. The morning after mating was considered as embryonic day (E) 0.5 and up to 423 

24 hrs after birth was considered as postnatal day (P) 0. Animals were sacrificed by cervical dis-424 

location. 425 
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Mice with RPE-specific depletion of Ift20 (Ift20null;Tyrp2-Cre) were generated by crossing Ift20flox/flox 426 

mice with tyrosinase-related protein-2 (Tyrp2)-Cre mice (14,15). Ift20flox/flox mice possess LoxP 427 

sites in introns 1 and 3. Crossing these mice with Tyrp2-Cre mice leads to deletion of exons 2 and 428 

3 and creates the Ift20null allele (14). Homozygous Ift20null;Tyrp2-Cre mice were viable after birth. 429 

Genotyping for the Ift20 alleles was done by PCR using following primers (14): (A) 5‘-ACTCAG-430 

TATGCAGCC-CAGGT-3’, (B) 5’-GCTAGATGCTGGGCGTAAAG-3’. To detect the Cre allele, fol-431 

lowing primers were used: (Cre-F) 5‘-CAATGCTGTTTCACTGGTTATG-3’, (Cre-R) 5’-CATT-432 

GCCCCTGTTTC-ACTACT-3’. 433 

B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J reporter mice (JAX stock #007914; (52) referred 434 

to as Ai14) were crossed with tyrosinase-related protein-2 (Tyrp2)-Cre mice mice to visualize Cre 435 

expression. Ai14 mice possess a floxed stop cassette upstream of the CAG promoter-driven red 436 

fluorescent protein tdTomato. Following Cre-mediated recombination the stop cassette is excised, 437 

allowing expression of tdTomato.  438 

Antibodies 439 

For immunofluorescence, the following primary antibodies were used: anti-ARL13B (rb, 440 

1:800, Proteintech, #17711-1-AP), anti-GM130 (mMAb, 1:100, BD Biosciences, #610822), anti-441 

GT335 (mMAb, 1:800, Adipogen, #AG-20B-0020), anti-IFT20 (53), anti-Iba1(rb, 1:100, FUJIFILM 442 

Wako Pure Chemical Corporation, #019-19741) or anti-Iba1(1:300, Abcam, #ab153696), anti-443 

F4/80 [CI:A3-1] (mMAb, 1:100 Abcam, #ab6640) or anti-F4/80 (1:150, AbD Serotec, # 444 

MCA497GA). These antibodies were detected using the appropriate AlexaFluor (AF) -488-, and -445 

555-conjugated (1:400; Molecular Probes) secondary antibodies. Anti-Zonula Occludens-1 (ZO-446 

1) was directly conjugated with AF-488 (1:100, ZO-1-1A12, Invitrogen, 339188) and Phalloidin 447 

was directly conjugated with AF-647 (1:40, Cell Signaling Technology, #8940). 448 

RPE flatmount preparation and immunohistochemistry 449 
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Mice were sacrificed and the eyes were enucleated. Anterior segment, lens and retina 450 

were removed, and eyecups were fixed with 4% paraformaldehyde (PFA) in 1× phosphate-buff-451 

ered saline (PBS) for 1 hr, followed by three washing steps with 1× PBS. To reduce PFA-induced 452 

auto-fluorescence, eyecups were incubated with 50 mM NH4Cl for 10 min, before permeabilizing 453 

with 1× PBS 0.1% Tween-20 (PBST) with 0.3% Triton-X (TX) (PBST-TX) for 1 hr and blocking 454 

with blocking buffer (0.1% ovalbumin, 0.5% fish gelatin in 1× PBS) for 1 hr. Following this, eyecups 455 

were incubated with primary antibodies overnight at 4°C. Eyecups were washed three times with 456 

1× PBS, followed by incubation with secondary antibodies, directly conjugated antibodies, and 457 

DAPI (Carl Roth) for 2 hrs in dark conditions. Post staining, two washing steps with PBST-TX and 458 

one with 1× PBS for 20 min each were performed, and eyecups were mounted with Fluoromount-459 

G (SouthernBiotech) and examined using a Leica DM6000 B microscope. Deconvolution 460 

(BlindDeblur Algorithm, one iteration step) and maximum projection were performed using Leica 461 

imaging software (Leica, Bensheim, Germany). Images were processed via Fiji using colour cor-462 

rection and contrast adjustment (54). 463 

For Microglia/Macrophage analysis, RPE flatmounts were co-stained for IBA1 and F4/80 464 

and scanned using the Zeiss Axioscan. IBA1 and F4/80 positive cells were manually counted 465 

across the whole flatmount using ImageJ. Values are represented as mean of total cells counted 466 

by three individuals. 467 

Cell morphology assessment  468 

RPE flatmounts were stained for F-actin or ZO-1 and scanned using the Zeiss Axios-469 

can. Cells were segmented using REShAPE analysis, a machine learning based software previ-470 

ously published by Ortolan et al. 2022 (28). Data for cell size, aspect ratio (AR) and hexagonality 471 

is displayed as Median ± SD, number of neighbors as Mean ± SD . 472 

Retinal adhesion assay 473 

Retinal adhesion assay was performed as described in Schneider et al. (2021).  474 
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Transmission electron microscopy (TEM) 475 

Mouse eyes were fixed in 0.1 M cacodylate-buffered fixative containing 2.5% glutaralde-476 

hyde and 0.1 M sucrose for 1 hr at room temperature. After 10 min of fixation, the anterior segment 477 

was removed. The eyecups were then postfixed in 2% osmium tetroxide (in 0.1 M cacodylate 478 

buffer) for 1 hr at room temperature followed by dehydrating steps using a graded ethanol series 479 

(30-100%). After embedding in epoxy resin, eyes were cut and processed for TEM using standard 480 

EM procedures and analyzed using a FEI Tecnai 12 BioTwin transmission electron microscope. 481 

Scanning electron microscopy (SEM) of embryonic eyecups 482 

Pregnant dams were sacrificed, and the gravid uteri were removed and placed into 1× PBS 483 

(room temperature). To expose the embryos, the uterine wall and fetal membranes were dissected 484 

carefully in order not to harm the embryos. Following this, the embryos were sacrificed, and eye 485 

dissection was performed in 1× Hank’s balanced salt solution (HBSS) supplemented with 0.1 M 486 

HEPES (HBSS-H). Anterior segment, lens and retina were removed, and eyecups were fixed with 487 

HBSS-H containing 4% PFA, 2.5% glutaraldehyde and 10 mM CaCl2 overnight at 4°C. Following 488 

this, three washing steps with 1× PBS supplemented with 0.1 M HEPES (1× PBS-H) were per-489 

formed. The eyecups were then postfixed in 1% osmium tetroxide (in 1× PBS-H) for 1 hr at room 490 

temperature, followed by three washing steps of 5 min each using distilled water. Next, dehydrat-491 

ing steps using a graded ethanol series (30-100%) were performed. Following dehydration, the 492 

eyecups were dried using a critical point dryer (Bal-Tec CPD 030). Dried eyecups were mounted 493 

carefully onto conductive carbon adhesive on top of SEM studs under a stereo microscope care-494 

fully using a fine brush and forceps, and sputter coated with gold (115 sec). Samples were stored 495 

in a desiccator until microscopy. 496 

RPE cell isolation 497 



21 
 

For RPE cell isolation was performed as described in Schneider et al. (2021). RPE 498 

pellets were dissolved in 100 µL TRIzol Reagent (Invitrogen), snap-frozen in liquid nitrogen and 499 

kept at −80°C. 500 

RNA isolation 501 

RPE cells were homogenized in TRIzol Reagent (Invitrogen) using a pestle and TRIzol 502 

Reagent was added to a final volume of 500 µL. For RNA extraction, TRIzol Reagent was used 503 

according to manufacturer’s recommendations and RNA was stored at −80°C until usage. 504 

QuantSeq 3′ mRNA sequencing library preparation 505 

Preparation of libraries,  QuantSeq 3′ mRNA sequencing data processing and analysis 506 

were performed as described in Schneider et al. (2021).  507 

Data visualization 508 

Heatmaps (Figure 6) were generated using custom annotated scripts.  509 

Accession codes 510 

The whole set of results is available in the GEO database (GSE144724). The title of the series is 511 

“Transcriptome profile of IFT20 Floxed mouse RPE cells all positve for DCT Cre”. 512 

qPCR validation of QuantSeq 3′ mRNA sequencing 513 

qPCR was performed as described in Schneider et al. (2021) using iTaq Universal SYBR 514 

Green Supermix (Bio Rad, #1725121) on the QuantStudio™ 3 Real-Time PCR System.  515 

Primers: Housekeeping Tbp_Fwd: TGTATCTACCGTGAATCTTGGC, Tbp_Rev: 516 

CCAGAACTGAAAATCAACGCAG, Mfge8 F: AGACATGGAACCTGCGTG, Mfge8 R: 517 

ATTCCTGTCACTTGCCTCTG. 518 

Primary mouse RPE cell culture 519 
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RPE cells from 9- to 12-day-old animals were sequentially isolated as previously de-520 

scribed and adapted as described below (55). Briefly, eyecups without their lens were digested 521 

for 45 min at 37°C with 1.5 mg/mL hyaluronidase (Sigma), and neural retina was gently peeled 522 

from the eyecup. RPE sheets were peeled from the Bruch’s membrane after a 45 min digestion 523 

step at 37°C with 1 mg/mL trypsin (Invitrogen) and seeded into the wells of a 384-well plate after 524 

a last trypsin digestion step. Cells were grown to confluence for 5 to 10 days in MEM α modification 525 

(Sigma), supplemented with 5% fetal bovine serum (FBS, HyClone, GE Healthcare Life Sciences), 526 

1% N1 medium supplement (Sigma), 0.5 mM glutamine, 1% non-essential amino acids (Gibco), 527 

1% penicillin/streptomycin (Gibco), 250 mg/L taurine, 20 µg/L hydrocortisone and 0.0130 µg/L 528 

triiodo-thyronin at 37°C, 5% CO2 (56). 529 

In vitro phagocytosis assay 530 

POS were isolated from porcine eyes, obtained fresh from the slaughterhouse, and cova-531 

lently labelled with fluorescein isothiocyanate (FITC) dye (Invitrogen) for in vitro phagocytosis as-532 

says as previously described (26). Cultured primary mouse RPE cells were challenged with ap-533 

proximately 10 FITC-POS per cell for 1.5 hrs. Great care was taken to load the same amount of 534 

POS in each well. For this 1.1x10E7 POS were resuspended into 300µL medium and 14µL (i.e. 535 

5.13x10E5 POS/well) were applied in each well of a 384-well plate containing either control or 536 

mutant RPE primary cells. Non-specifically tethered POS were removed with three thorough 537 

washes in 1× PBS containing 1 mM MgCl2 and 0.2 mM CaCl2 (PBS-CM). Cells were fixed with 538 

4% PFA, PFA was quenched with 50 mM NH4Cl, and non-specific sites were blocked using 1% 539 

BSA in PBS-CM. Tight junctions were labelled using an anti-ZO-1 antibody (rb, Invitrogen), fol-540 

lowed by an incubation with a mixture of the appropriate AF-594 secondary antibody and Phal-541 

loidin, directly conjugated with FluoProbes 647H (Interchim, #FP-BZ9630), to label the actin cyto-542 

skeleton. Nuclei were counter-stained with Hoechst 33258 (Invitrogen). FITC-POS and Hoechst-543 

labelled nuclei were quantified by fluorescence plate reading using the Morphology v9 plug-in to 544 
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identify nuclei and delimitate cell boundaries (HCS Studio Cell Analysis Software, Cellomics Ar-545 

rayscan VTI HCS reader, Thermo Scientific). Quantification: Cell junction markers were used to 546 

delineate cell borders. When the labeling was not clear enough cells were not counted. POS were 547 

counted per identified cells and ratios of numbers of POS/cell were calculated. This was performed 548 

on three independent assays of 4-9 wells each, and significance was assessed with the Welch-549 

corrected parametric unpaired Student t-test (P < 0.05 *).  550 

Electroretinography (ERG) 551 

Full-field ERGs were recorded in mice at the age of 1 to 12 months. Mice were dark 552 

adapted for >12 hrs. Mice were anesthetized by intraperitoneal (i.p.) injection of a ketamine 553 

(87.5 mg/kg) / xylazine (12.5 mg/kg) cocktail and pupil dilator was applied (1% tropicamide/2.5% 554 

phenylephrine). ERG responses of the outer retina were recorded on a full-field stimulator (Espion 555 

E3 ColorDome; Diagnosys, LLC, Lowell, MA, USA) with a Gold electrode attached to the corneal 556 

surface of both eyes referenced to needle electrodes (Diagnosys) between the ears and in the 557 

tail. For electrical contact and corneal integrity, a drop of 2% methylcellulose was applied to each 558 

eye. Mice were placed on a heating pad (37°C) under the ColorDome (Diagnosys) and subjected 559 

to six steps of strobe flashes of increasing stimulus intensities (dark adapted: 0.0001, 0.001, 0.01, 560 

0.1, 1 and 10 cd s/m2) followed by 2 min of light adaptation and flashes of 0.3, 1, 3, 10, 30, and 561 

100 cd s/m2, concluded by a 10-Hz flicker stimulus of 100 cd s/m2. The a-wave was determined 562 

by measuring the peak of the first negative wave. The b-wave was calculated from the trough of 563 

the a-wave to the peak of the first positive wave or from baseline if no a-wave was present.  564 

Optical coherence tomography (OCT) 565 

OCT (Bioptigen, Research Triangle Park, NC, USA) was performed subsequent to full-field 566 

ERG measurement in order to reduce burdens caused by anesthesia. The OCT image was cap-567 

tured using a rectangular volume scan (20 B-scan 1 frame). Images were imported as stacks in 568 

ImageJ (National Institutes of Health, Bethesda, MD, USA). The StackReg plugin was used to 569 
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remove image distortion due to respiration of the animal (57). Slices were then merged using ‘Z 570 

project’ and ‘Sum Slices’. Retinal layers were measured manually 500 µm from the center of the 571 

optic nerve (58). Data processing was done using Matlab. Statistical comparisons of Ift20null;Tyrp2-572 

Cre versus Ift20+/+;Tyrp2-Cre mice were done using the Holm-Sidak test (59,60) and statistical 573 

comparison of P25 versus other ages was performed using the Dunnet’s multiple comparison (61), 574 

both followed with a One-way ANOVA (significance levels: > 0.05 not significant (ns), < 0.05 *, < 575 

0.01 **, < 0.001 ***).  576 

Optomotor response (OMR) 577 

OMR was recorded using the quantitative OMR setup (qOMR, Phenosys, Berlin, Ger-578 

many), which allows for measurement and analysis of the behavior of freely moving mice. Vertical 579 

stripes of 13 different spatial frequencies between 0.0125 and 0.5 cyc/deg were presented on a 580 

rotating virtual sphere surrounding the animal. To keep the spatial frequency constant, the mouse 581 

was video tracked to automatically maintain the distance between the animal and the virtual 582 

sphere. Therefore, the perceived spatial frequency was maintained (62,63). Each stimulus was 583 

presented for 60 sec. The automated tracking was used to quantitatively evaluate all experiments. 584 

Stimulus-correlated head movements were determined and the ratio of movements within a ve-585 

locity range of 2 to 14 deg/s in the correct direction, divided by movements in the same range in 586 

the incorrect direction, were calculated and defined as the OMR (OMRindex). Each set of stimuli 587 

was presented three times in a pseudo-randomized order with resting time of a minimum of 1 hr 588 

between trials. Data analysis was done using the quantitative OMR software and Matlab. To de-589 

termine the range of stimulus uncorrelated activity of all animals (baseline), we calculated the 590 

interquartile interval for the OMR for all mice at 0.5 cyc/deg, a spatial frequency not perceivable 591 

by the animals. (OMRindex, 1.15; Supplementary Figure 2, yellow areas) (64). Thus, the spatial 592 

frequency threshold was calculated as the intersection of polynomial fit (third degree) with this 593 

baseline interval. 594 
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Direct-coupled electroretinography (DC-ERG) 595 

DC-ERGs were recorded in anesthetized (same conditions as in “Electroretinography”) 596 

P25 mice using microelectrode holder half-cells (holder/pellet) (MEH34515, WPI) with borosilicate 597 

glass capillary tubes OD: 1.5mm ID: 0.84mm (1B150F-3, WPI) filled with Hank’s buffered salt 598 

solution (15266355, Gibco). Electrodes remained in direct contact with the cornea through 2 % 599 

methylcellulose. Electric contact was monitored for 10 min prior to the recording to facilitate 600 

steady-state conditions. Data was analyzed, smoothed using a moving average filter spanning 601 

100 ms and displayed using Matlab (The MathWorks Inc., Natick, MA, USA). The linear drift was 602 

corrected by subtracting the best fit line through the 300 ms preceding light onset. DC-ERG com-603 

ponents were then measured as follows: c-wave: maximum in the 500 ms after light onset, FO: 604 

peak of c-wave to minimum in 1500 ms after stimulus onset, LP: Difference between FO and 605 

response at stimulus offset (4500 ms), Off: minimum after stimulus offset. Statistical analysis was 606 

done using the unpaired two-tailed t-test (significance levels: > 0.05 not significant (ns), < 0.05 *, 607 

< 0.01 **, < 0.001 ***).  608 

Figure legends 609 

Figure 1: Conditional knockout of Ift20 ablates primary cilia in the RPE without affecting 610 

other retinal layers. a. Representative fluorescent images of E16.5 RPE flatmounts stained for 611 

IFT20 (red) and cis-Golgi matrix protein GM130 (green). Staining for F-Actin (magenta) was used 612 

to visualize the cytoskeleton, whereas DAPI was used to stain nuclear DNA. E16.5 Ift20null;Tyrp2-613 

Cre RPE showed less IFT20 staining compared to controls. Scale bars: 10 µm. b. Quantification 614 

of IFT20 positive cells in E16.5 RPE revealed that Ift20null;Tyrp2-Cre RPE showed near to no IFT20 615 

staining (5.3%) compared to control (98.5%) confirming the knockout. Statistical analysis was 616 

performed using ROUT test (Q = 0.1%) before using unpaired t-test (p < 0.001). c. Representative 617 

fluorescent images of E16.5 RPE flatmounts stained for ARL13B (red) and GT335 (green) to 618 
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visualize primary cilia. Staining for F-Actin (magenta) was used to visualize the cytoskeleton, DAPI 619 

to stain nuclear DNA. E16.5 Ift20null;Tyrp2-Cre RPE showed less ciliary staining compared to 620 

controls. Scale bars: 10 µm. d. Quantification of primary cilia in E16.5 RPE revealed that 621 

Ift20null;Tyrp2-Cre RPE showed significantly less ciliated cells (12.5%) compared to controls 622 

(84.3%). Statistical analysis was performed using ROUT test (Q = 0.1%) before using unpaired t-623 

test (p < 0.001). e. Representative images of histological eye sections from 1-month-old mice. In 624 

both Ift20null;Tyrp2-Cre and control RPE, no differences in retinal layers could be observed. Scale 625 

bar: 25 µm. f. Representative image of a TEM image showing a morphological intact Ift20null;Tyrp2-626 

Cre photoreceptor cell displaying an intact photoreceptor primary cilium. Scale bar: 1 µm. g. 627 

Scheme showing a typical photoreceptor primary cilium. h. Representative retina cross section of 628 

Ift20null;Tyrp2-Cre crossed with a tdTomato reporter mouse with F-Actin staining visualized by 629 

Phalloidin staining (light blue) and DAPI for nuclei (blue). tdTomato expression (red) representing 630 

Cre activity is detectable only in RPE. Scale bar: 20 µm. 631 

RPE: Retinal pigment epithelium, OS: Outer segments, IS: Inner segments, ONL: Outer nuclear 632 

layer, OPL: Outer plexiform layer, INL: Inner nuclear layer, IPL: Inner plexiform layer, Ce: Centriole. 633 

CC: Connecting cilium, Ax: Axoneme, TZ: Transition zone, BB: Basal body Significance levels: > 634 

0.05 not significant (ns), < 0.05 *, < 0.01 **, < 0.001 ***. 635 

Figure 2: Ablation of primary cilia in the RPE affects RPE function. a. Representative DC-636 

ERG trace showing all components of a DC-ERG response (c-wave, FO, LP, Off). b. Averaged 637 

trace of DC-ERG response from P25 Ift20null;Tyrp2-Cre mice (red) versus Ift20+/+;Tyrp2-Cre mice 638 

(black). Traces were drift-corrected and smoothed by a moving average filter (see Material and 639 

Methods). Stimulus = 10 cd/cm2. c. Quantification of DC-ERG responses. Significant differences 640 

were observed in c-wave (p = 0.045), FO (p = 0.029) and LP (p = 0.0056). The off-response 641 

showed no significance (p = 0.15). Statistical analysis was performed using the unpaired two-642 

tailed t-test (n: Ift20+/+;Tyrp2-Cre, Ift20null;Tyrp2-Cre = 14 eyes, 8 mice). d. Schematic of 643 
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experimental procedure of Retinal Adhesion Assay. After enucleation and removal of the lense the 644 

retina was separated from eyecup ripping of melanin containing apical microvilli. After lysis the 645 

Melanin can be quantified.  e. Quantification of melanin attached to the retina was significantly 646 

increased in P16 Ift20null;Tyrp2-Cre compared to controls (p < 0.05). This effect increased over 647 

time (3 months of age, p < 0.001). In contrast, the melanin concentration in Ift20+/+;Tyrp2-Cre 648 

retinas remained stable between both ages (p > 0.05). f. Representative fluorescent images of in 649 

vitro phagocytosis assay. Scale bar: 30 µm. g. In vitro phagocytosis assay. Quantification of POS 650 

uptake revealed a significant decrease in POS phagocytosis (p = 0.0025) in isolated and cultured 651 

Ift20null;Tyrp2-Cre RPE primary cells compared to controls. Statistical analysis was performed 652 

using the Welch-corrected parametric unpaired t-test (P < 0.05). 653 

POS: Photoreceptor outer segments, FO: fast oscillation, LP: light peak, Off: off-response. 654 

Significance levels: > 0.05 not significant (ns), < 0.05 *, < 0.01 **, < 0.001 ***. 655 

Figure 3: Loss of primary cilia in the RPE affects visual function in mice. a. Representative 656 

traces of the electric responses upon light stimulation of photoreceptors and downstream cells of 657 

Ift20+/+;Tyrp2-Cre (black) and Ift20null;Tyrp2-Cre (red) mice in photopic (100 cd s/m2) and scotopic 658 

(10 cd s/m2) conditions. From 1-month of age until 12-months of age a degression of the 659 

responses was seen. b. The scotopic a-wave of Ift20null;Tyrp2-Cre cones was significantly lower 660 

compared to controls. Over the course of a year the scotopic a-wave declined to approximately 661 

50%. c. By the age of 3-months, the scotopic b-wave response of the secondary neurons was 662 

significantly lower in Ift20null;Tyrp2-Cre mice compared to controls. The scotopic b-wave also 663 

declined to approximately 50% within one year. d. From 3-month of age, the photopic a-wave 664 

response of Ift20null;Tyrp2-Cre cones was significantly lower and declined by approximately 50% 665 

over the course of a year. e. From 3-month of age, the photopic b-wave response of Ift20null;Tyrp2-666 

Cre secondary neurons was significantly lower and declined by approximately 50% within one 667 

year. Statistical analysis was performed using unpaired t-test. Significance levels: > 0.05 not 668 
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significant (ns), < 0.05*, < 0.01**, < 0.001***. f. Representative Images of In vivo OCT scans of 669 

Ift20null;Tyrp2-Cre mice from 1 to 12 months compared to 1 month old Ift20+/+;Tyrp2-Cre. g. Retinal 670 

thickness (RET), as well as outer nuclear layer (ONL)  and photoreceptor inner (IS) and outer 671 

segments (OS) were measured 500 µm off the center of the optic nerve. Ift20null;Tyrp2-Cre retina 672 

thickness was reduced at 6-months of age and continuously declined until 12-months of age. h. 673 

Quantification revealed that the RPE thickness in Ift20null;Tyrp2-Cre mice was significantly lower 674 

already at 1-month of age and the subsequent reduction of the retina was accompanied by 675 

thinning of the photoreceptor outer segments, while inner segment thickness did not significantly 676 

decline until 10-months of age. Statistical analysis was performed using Holm-Sidak test 677 

(Ift20null;Tyrp2-Cre versus Ift20+/+;Tyrp2-Cre) and Dunnet’s multiple comparison (age comparison), 678 

both followed by a One-way ANOVA. BM: Bruch’s membrane, RPE: Retinal pigment epithelium, 679 

OS: Outer segments, IS: Inner segments, OLM: outer limiting membrane, ONL: Outer nuclear 680 

layer, OPL: Outer plexiform layer, INL: Inner nuclear layer, IPL: Inner plexiform layer, GCL: 681 

Ganglion cell layer. Significance levels: > 0.05 not significant (ns), < 0.05*, < 0.01**, < 0.001***. 682 

Figure 4: Deletion of Ift20 in the RPE results in defective RPE morphology. a. H&E-stained 683 

cross section through the mouse eyes reveals disrupted structures and vacuoles in the outer 684 

layers of Ift20null;Tyrp2-Cre retinae compared to  Ift20+/+;Tyrp2-Cre. b. Representative TEM images 685 

of eye sections from 1-month-old mice showing subretinal vacuoles in Ift20null;Tyrp2-Cre mice. 686 

Scale bars: top: 10 µm, I: 5 µm, II: 5 µm. c. Quantification of subretinal vacuoles revealed a total 687 

of 13 vacuoles in Ift20+/+;Tyrp2-Cre mice and 113 subretinal vacuoles in Ift20null;Tyrp2-Cre mice. 688 

In both, the same number of sections were examined (n: Ift20+/+;Tyrp2-Cre, Ift20null;Tyrp2-Cre = 9 689 

sections, 4 eyes, 3 mice). d. Representative TEM images of eye sections from 4-month-old mice 690 

showing multilayered RPE cells (top) as well as the absence of microilli and accumulation of debris 691 

(bottom, red arrow) in Ift20null;Tyrp2-Cre mice. Scale bars: 10 µm. e. Measurements taken from 692 

TEM images: Bruch’s membrane, RPE thickness and Microvilli ‘depth’. f. Representative TEM 693 

images of eye sections showing vacuoles and disruptions in the Bruch’s membrane in 694 



29 
 

Ift20null;Tyrp2-Cre mice at 1 months of age, while they appear less at 4 month. At 4 months defects 695 

in pigmentation are showing. Scale bars: 10 µm. g. Quantification of RPE thickness measured in 696 

Ift20+/+;Tyrp2-Cre and Ift20null;Tyrp2-Cre reveals significant differences between 1 and 4 months, 697 

but no differences between control and knockout. h. Quantification of microvilli ‘depth’ measured 698 

in Ift20+/+;Tyrp2-Cre and Ift20null;Tyrp2-Cre shows highly significant differences between control 699 

and knockout. i.  Quantification of Bruch’s membrane thickness measured in Ift20+/+;Tyrp2-Cre 700 

and Ift20null;Tyrp2-Cre reveals only slightly increases in the mutant at one month of age. Statistical 701 

analysis was performed using the unpaired two-tailed t-test (Ift20+/+;Tyrp2-Cre n= 96)  702 

Ift20null;Tyrp2-Cre n=  120). Significance levels: > 0.05 not significant (ns), < 0.05 *, < 0.01 **, < 703 

0.001 ***. j. Representative TEM images of eye sections from 1-month-old mice showing a 704 

discontinuous and malformed Bruch’s membrane at Ift20null;Tyrp2-Cre RPE cells. Scale bar: 2 µm. 705 

Figure 5: Analysis of morphology by Reshape analysis of RPE flatmounts. a. Ift20+/+;Tyrp2-706 

Cre and Ift20null;Tyrp2-Cre RPE flatmounts stained with Phalloidin (red), Cell borders were 707 

automatically analysed, segmented and visualized by Color-Coded Images. b. Representative 708 

images showing Phalloidin staining (red) at P11, P29 and P90 of Ift20+/+;Tyrp2-Cre and 709 

Ift20null;Tyrp2-Cre RPE flatmounts. Scale bar: 20µm. c. Quantification of the cell size, aspect ratio 710 

(AR), number of neighbors and hexagonality Ift20+/+;Tyrp2-Cre and Ift20null;Tyrp2-Cre RPE 711 

flatmounts.  Analysis of Cell size reveals a modest increase in cell size in the mutant starting from 712 

P29 onwards while aspect ratio was decreasing. No changes were detected in number of 713 

neighbors and hexagonality. d+e. Analysis of Apoptosis markers Caspase-3 (d) and Caspase-8 714 

(e) revealed no significant difference between  Ift20+/+;Tyrp2-Cre and Ift20null;Tyrp2-Cre at 3 715 

months although there seems to be slightly higher levels of Caspase-3 in Ift20null;Tyrp2-Cre. Scale 716 

bar: 10µm. 717 

Figure 6: Macrophages in RPE flatmount. a. Representative images of RPE flatmounts of  718 

Ift20+/+;Tyrp2-Cre and Ift20null;Tyrp2-Cre at 24 months. Macrophages were stained by markers 719 
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IBA1 (green) and F4/80 (red). b. Quantification of macrophage numbers per mm2 separated by 720 

age. c. Combining all ages reveals significantly more macrophages in Ift20null;Tyrp2-Cre. Statistical 721 

analysis was performed using the unpaired two-tailed t-test (Ift20+/+;Tyrp2-Cre n= 10, 722 

Ift20null;Tyrp2-Cre n=  10). Significance levels: > 0.05 not significant (ns), < 0.05 *, < 0.01 **, < 723 

0.001 ***. Scale bar: 20µm 724 

Figure 7: Deletion of Ift20 in the RPE leads to changes in RPE-specific gene expression. a. 725 

Bar chart showing differentially expressed genes (DEGs) obtained via transcriptomic analysis. The 726 

number of specific and common DEGs and the orientation of expression are shown. b. Bar chart 727 

depicting the number up- and down-regulated genes for RPE signature genes. At all ages, the 728 

number of differentially expressed RPE signature genes decreased, however, across all ages 729 

more genes were down-regulated than up-regulated compared to controls. c. Identification of the 730 

biological processes underlying the effect of the deletion of Ift20 via gene ontology analysis. The 731 

top 10 down-regulated significant biological processes (BPs) in Ift20null;Tyrp2-Cre vs. 732 

Ift20+/+;Tyrp2-Cre are shown. The Enrichment score for each BP cluster is plotted on the x-axis. d. 733 

Identification of the biological processes underlying the effect of the deletion of Ift20 via gene 734 

ontology analysis. The top 10 up-regulated significant biological processes (BPs) in Ift20null;Tyrp2-735 

Cre vs. Ift20+/+;Tyrp2-Cre are shown. The Enrichment score for each BP cluster is plotted on the 736 

x-axis. 737 

Figure 8: GOEA of commonly regulated DEGs from in Ift20null;Tyrp2-Cre RPE. Heatmaps 738 

showing DEGs associated with transmembrane transport (a.), cytoskeleton organization (b.) and 739 

tissue remodeling (c.). d. Table of up- (green) and downregulated (red) visual cycle associated 740 

RNA in P11, P29 and P90 RPE in Ift20null;Tyrp2-Cre compared to Ift20+/+;Tyrp2-Cre. e. Table of up- 741 

(green) and downregulated (red) phagocytosis associated RNA in P11, P29 and P90 RPE in 742 

Ift20null;Tyrp2-Cre compared to Ift20+/+;Tyrp2-Cre. f: Validation of RNA levels by qPCR of P29 743 

Ift20null;Tyrp2-Cre vs Ift20+/+;Tyrp2-Cre RPE (red line). Data confirms upregulation of Mfge8 744 
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upregulated. g. Western blot analysis of 3months old Ift20null;Tyrp2-Cre RPE lysate with RPE65-745 

staining confirms reduced RPE65 levels in mutant compared to control. Scale bars= 20µm   746 

Supplementary Figure 1: Loss of primary cilia in the RPE does not affect the optomotoric 747 

reflex in mice. Optomotor response curves of Ift20+/+;Tyrp2-Cre and Ift20null;Tyrp2-Cre mice. 748 

Single measurements (purple dots) show a normal flicker. Visual acuity thresholds remained 749 

stable at around 0.38 cyc/° (dashed line, spatial frequency threshold) in both, Ift20+/+;Tyrp2-Cre 750 

and Ift20null;Tyrp2-Cre mice over the time of 12 months. 751 

Supplementary Figure 2: Deletion of Ift20 in the RPE does not affect apical microvilli in P0 752 

mice. a. Representative SEM images of P0 RPE flatmounts. No differences in microvilli 753 

morphology were observed between P0 Ift20null;Tyrp2-Cre and Ift20+/+Tyrp2-Cre RPE. Scale bar: 754 

5 µm. b. Representative TEM images of Ift20null;Tyrp2-Cre show abnormal pigmentation at one 755 

month and 4 months. Two pigmented RPE cells flank a cell almost completely devoid of 756 

melanosomes at one month. At 4-months of age we observed an RPE cell that appeared devoid 757 

of melanosomes in the cell body, which was flanked by an RPE cell with an excessive 758 

accumulation of melanosomes. Scale bar = 10 µm. 759 

Supplementary Figure 3: Macrophages in RPE flatmount. a. Representative images of RPE 760 

flatmounts of Ift20+/+;Tyrp2-Cre and Ift20null;Tyrp2-Cre at 22 and 24 months. Macrophages were 761 

stained by markers IBA1 (green) and F4/80 (red). b. Quantification of macrophage numbers per 762 

mm2 separated by age shows a trend towards more macrophages in Ift20null;Tyrp2-Cre.  763 

Supplementary Figure 4: a. Specificity of the amplified product was determined by the analysis 764 

of the melt curves and amplification plots. b. Visualization of amplification product via Agarose gel 765 

electrophoresis shows clear bands at the expected size for Mfge8 and Tbp and no signal in control 766 

samples (H2O). 767 
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4 Summary and discussion of the results 

The overarching aim of this thesis is to further understand the role of primary cilia dysfunc-

tion in the RPE and how it may affect retinal dystrophy. In the context of the present thesis, 

we were able to show that primary cilia dysfunction affects RPE maturation resulting in an 

abnormal patterning of the RPE (Publication I). We further show for the first time that pri-

mary cilia dysfunction affects signaling pathways, developmental processes, as well as RPE 

homeostasis and function resulting in a pathological phenotype of the RPE (Publication II). 

Furthermore, we demonstrate for the first time that ablation of primary cilia exclusively in 

the RPE results in a progressive ocular pathogenicity leading to visual impairment 

(Manuscript I).  

4.1 Effects of primary cilia dysfunction caused by Bbs8 knockout on the 

mouse RPE 

It is known that the Bbs8 knockout mice recapitulate the human ciliopathy phenotype. In 

2018, May-Simera et al. showed that Bbs8-/- mice show maturation defects that most prob-

ably caused underdeveloped tight junctions, defects in apical microvilli as well as less ex-

pression of genes associated with RPE maturation (May-Simera et al., 2018). We showed 

that in the mouse RPE primary cilia are only temporary present during development and 

retracts as the tissue matures with the primary cilia being most prominent at E16.5 

(Publication I Fig. 1, Publication I Fig. 2). In E16.5 mouse RPE, after knockout of Bbs8, only 

about 50% of RPE cells showed primary cilia, and if they did, in a less prominent way com-

pared to wildtype RPE (approx. 90%) (Publication I Fig. 3). In addition to that, we observed 

that the Bbs8-/- RPE cells showed changes in tight junctions and less uniformly shaped RPE 

cells compared to controls as both could be seen via staining of zona occludens 1 (ZO-1). 

(Publication I Fig. 3e). These observations are most likely due to defects in signaling during 

development and maturation of the RPE. Thus, these findings deepened our understanding 

into the contribution of primary cilia to tissue development and maturation. However, it 

raised the question on what effects can be further seen in the RPE. Upon ciliary disruption 

via knockout of Bbs8, we could show that the RPE fails to fully mature und exhibits pheno-

typic defects affecting RPE function even before the adjacent photoreceptors have differ-

entiated (Publication II).  

Using an unbiased QuantSeq 3′ mRNA sequencing analysis of P11 and P29 RPE specimens 

isolated from Bbs8−/− and Bbs8+/+ mouse eyes, we could show that upon deletion of Bbs8 

RPE maturation is delayed (Publication II Fig. 1, Publication II Supp. Tables 1-5). Further 
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investigation of the QuantSeq data revealed that this failure of RPE maturation is accompa-

nied by an alteration of RPE homeostasis and function, including cellular organization, apop-

totic processes, visual perception, RPE polarization, and phagocytosis (Publication II Fig. 2, 

Publication II Fig. 3, Publication II Fig. 4, Publication II Supp. Table 6-8). In agreement with 

the transcriptomic analysis, mass spectrometry-based quantitative proteomics revealed a 

significant mis-regulation of the proteome (Publication II Fig. 5, Publication II Supp. Table 

9). The combinatorial “omics” approach (QuantSeq 3′ mRNA sequencing and Mass spec-

trometry) revealed that several dysregulated molecules are involved in adhesion. As RPE 

function is severely dependent on the tight connection of the RPE cell, we examined the 

RPE cellular morphology using immunofluorescence staining of tight junctions. It turned out 

that upon depletion of Bbs8, the RPE cells progressively lose their hexagonal structure re-

sulting in significantly impaired RPE cell morphology up to complete disruption of cytoplas-

mic membranes from P11 onwards (Publication II Fig. 6a). Computer-based high-content 

image analysis revealed that RPE cells are enlarged, and the variance of cell area is signifi-

cantly enlarged in older mice (Publication II Fig. 6b). 

Since RPE function is critically dependent on the maintenance of its epithelial phenotype, it 

was not surprising to find loss of RPE functionality upon loss of ciliary function (Strauss, 

2005; Bharti, Miller and Arnheiter, 2011; Adijanto et al., 2012; Chen et al., 2019). In the RPE, 

apical microvilli engulf the adjacent POS and are indispensable for retinal homeostasis. 

Upon loss of Bbs8, we observed as early abnormal accumulation of apical microvilli staining 

as P11, which worsened up to predominant absence indicating a worsening of apical micro-

villi formation in Bbs8-deficient RPE (Publication II Fig. 7a), indicating an inability to form 

proper functioning apical microvilli or loss of polarization in the course of time. In agree-

ment with this, we also observed that Bbs8−/− RPE displayed increased retinal adhesion in 

vivo, and knockdown of Bbs8 resulted in decreased phagocytosis of POS in vitro.  

Based on the analyses already made, there was evidence suggesting an epithelial-to-mes-

enchymal transition (EMT)-like phenotype in Bbs8-deficient RPE. EMT include changes in 

signaling, reorganization of the cytoskeleton, as well as loss of cell junctions and apical-basal 

polarity, all of which we detected in the RPE of Bbs8-deficient mice (Lamouille, Xu and 

Derynck, 2014; Ohlmann et al., 2016). This, coupled with the recent findings that dysregu-

lation of primary cilia signaling has already been shown to induce EMT in other tissues and 

organs (Lamouille, Xu and Derynck, 2014; Ohlmann et al., 2016; Guen et al., 2017; Blom and 

Feng, 2018; Han et al., 2018), makes us believe that depletion of Bbs8 might induce an EMT-

like phenotype. Furthermore, the recurrence of primary cilia in P81 Bbs8-/- but not control 

RPE also suggest development of an EMT-like phenotype.  

Taken together, we were able to demonstrate that upon depletion of Bbs8, the RPE shows 

changes in gene and protein expression causing maturation defects most probably due to 
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changes in several signaling pathways. Furthermore, the RPE cells start to lose their cellular 

morphology up to the partial complete disruption of cytoplasmic membranes. This EMT-like 

phenotype is accompanied by defects in RPE function. However, since primary cilia were 

ablated globally it must be taken into account that interaction with defective photorecep-

tors might be also a leading driver to the seen pathogenetic phenotype.  

Since the Bbs8 knockout mouse model results in a global knockout of Bbs8, there are few 

things to consider when interpreting the results. In this mouse model, Bbs8 is knocked out 

in all cells, including RPE and photoreceptor cells. Therefore, it is not possible to distinguish 

between primary defects in the RPE versus secondary effects coming from ciliary defects in 

the retina. This fact also leads to a more rapid deterioration of the two tissues.      

However, in the RPE primary cilia are not completely absent, which leads to remaining pri-

mary cilia that may still function but cannot stop any progression. This leads to the fact that 

for the examination of the effects of primary cilia loss exclusively in the RPE another mouse 

model is necessary. 

4.2 Effects of primary cilia loss exclusively in the RPE on the mouse RPE and 

visual function 

With Publication II, we showed that loss of Bbs8 result in defects of RPE homeostasis and 

function. However, the Bbs8 knockout was global, which might lead one to question the 

impact of primary cilia in the RPE. Therefore, by using the Cre/LoxP-System we aimed at 

highlighting the events occurring after primary cilia were ablated exclusively in the RPE.  

Due to lack of specificity or poor recombination of the currently available inducible RPE-

specific Cre recombinases, we first wanted to use a tamoxifen-inducible RPE-specific Cre 

transgenic-mouse line, which we have generated and characterized (Publication III). De-

spite a high level of uniformly distributed recombination, we observed side effects of the 

tamoxifen treatment of pregnant dams. Administration of higher doses of tamoxifen is 

known to induce abortion in pregnant mice early in pregnancy (Ved et al., 2019). However, 

as we started to administer tamoxifen at E9.5, we observed delivery failure. The embryos 

failed to be born and continued to develop until the condition of the pregnant mothers 

deteriorated dramatically, resulting in the death of both the pregnant dams and the em-

bryos. Since, we could not find a way to circumnavigate these side effects we chose to use 

the non-inducible Tyrosinase-related protein-2 (Tyrp2)-Cre transgenic mouse line. In this 

moue line, Cre activity in the eye was observed from mouse embryonic day E9.5. Consistent 

with the gradual Tyrp2 expression in the developing RPE at E11.5, Cre activity was mainly 

observed in the dorsal RPE with a patchy activity in the ventral RPE. At E13.5, most of the 

RPE cells showed Cre activity (Jonassen et al., 2008; Davis et al., 2009). By choosing the Ift20 
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floxed mouse line, we were confident to eliminate all aspects of ciliation in the RPE and thus 

circumvent any compensatory effect of primary cilia remaining in some RPE cells 

(Manuscript I Fig.1). We were able to show for the first time that loss of primary cilia only 

in the RPE leads to defects in RPE homeostasis und function ultimately leading to retinal 

degeneration alongside with visual impairment in mice. Importantly, the adjacent retina 

was not affected as observed as its morphology was not altered and ERG function was in-

conspicuous until 2-months of age. In fact, the assessed ERG responses show that despite 

loss of primary cilia in the RPE, the retina still develops normally showing a stable morphol-

ogy and function. However, after 2-months of age a progressive retinal degeneration along-

side a decline in ERG responses are seen (Manuscript I Fig 3).  

As the RPE is considered as a functional unit closely associated with the POS of the retina, 

the tight connection between these two tissues is essential for health, maintenance, and 

function of both tissues. Loss of primary cilia only in the RPE leads to severe morphologic 

changes on the apical side where the apical microvilli are located resulting in a disruption 

of the tight connection between the RPE cells and POS (Manuscript I Fig. 2d-g, Manuscript 

I Fig. 4b-f). This is accompanied by decreased phagocytosis and changes in retinal adhesion. 

In addition to that, an increase in macrophage/microglia was observed in the subretinal 

space in older mice (Manuscript I Fig. 5). This reveals elevated inflammatory and degener-

ative processes, which might result from continued pathogenesis. When examining the RPE 

function via dcERG, we observed a significant decrease in the stimulus-related response of 

the RPE (Manuscript I Fig. 2a-c). The observed results mirror the disruption of epithelial 

homeostasis as one of the RPEs most important functions, namely ion buffering and thus 

homeostasis of the subretinal space. This finding goes together with the severe defects of 

apical microvilli. As those morphological defects are seen to start at 1-month of age and 

worsen until the age of 3 months, it can be concluded that the changes in the dcERG-re-

sponse at 1-month of age precede the disruption of apical microvilli.  

In order to further investigate the effect of primary cilia ablation exclusively in the RPE, RNA-

seq was performed to screen for transcriptomic changes and significant changes were ob-

served (Manuscript I Fig.7-8, Manuscript I Supp. Tables 1-5). Comparison of the observed 

phenotypic defects of the RPE with all differentially expressed transcripts revealed mis-reg-

ulation in underlying gene expression. Interestingly mis-regulation of genes involved in the 

following signaling pathways were identified: mTOR, PI3K-AKT, Hippo, TGF-β, BMP, NF-

kappaB, FGF, cGMP-PKG and of course Wnt. This circumstance shows that ciliary ablation 

in the PRE significantly impairs signal transduction, which has a major effect on the tissue 

itself. Our data from the mis-regulated genes in Bbs8 knockout mice revealed the TGF-β 

signaling pathway as an overlap, making it a potential candidate for further examination.  
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Collectively, it has been shown that ablation of primary cilia only in the RPE causes a pro-

gressive ocular pathogenicity that ultimately leads to visual impairment. Despite the RPE 

shows defects in RPE homeostasis and function early on, the retina remains able to develop 

and function normally until the age of 2 months. This leads to the assumption that any loss 

of retinal function is a secondary consequence of the RPE defects upon loss of ciliation. 

These results have a high clinical relevance for inherited ciliopathies, as we have shown that 

both retinal dysfunction and degeneration occur as a result of RPE defects in the presence 

of loss of primary cilia. Therefore, it is now of great importance to find the exact mecha-

nisms to prevent these RPE defects and consequently prevent retinal dysfunction in pa-

tients. 
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5 Outlook 

This thesis shows that primary cilia dysfunction in the RPE cause retinal defects, which occur 

even before the retina is fully matured, and ultimately lead to visual impairments of the 

mice. The most obvious therapy would be to eliminate the cause, i.e., by gene therapy. Since 

many ocular diseases are hereditary, gene therapy is the emerging technology, especially 

because cilia-related genes are often lost in recessive eye diseases, so restoring gene ex-

pression can restore ciliary function (Zhou and Zhou, 2020). The recent phase I and II gene 

therapy clinical trials conducted to restore RPGR mutations in patients suffering X-linked RP 

prove that this approach is promising (Zhou and Zhou, 2020). However, the standardized 

procedure using the non-pathogenic Adeno-associated viruses (AAVs) as vehicles also have 

its limitations, as DNA fragments should not be bigger than 4.3 kb (Zhou and Zhou, 2020). 

CRISPR/Cas9 gene editing, which recently revolutionized science in the field of gene editing, 

now enables the modification of several thousand base pairs of the nucleotide sequence. 

However, this approach is not yet ready to be applied to humans, although it shows poten-

tial. Thus, IVS26 mutations of CEP290 were successfully repaired in a cellular model mim-

icking patient with congenital hepatic amaurosis due to CEP290 mutations (LCA10) (Ruan et 

al., 2017). It has been shown that primary cilia play an important role in the development 

of embryonic neural progenitor cells into neural stem cells via the Hedgehog pathway. 

Therefore, the normal assembly and disassembly of primary cilia play a key role in regulating 

stem cell proliferation and cellular differentiation, providing a theoretical basis for the reg-

ulation of stem cell differentiation by cilia. This has led to ocular stem cell therapy attracting 

considerable attention recently (Zhou and Zhou, 2020). In 2022, the first patient in a clinical 

trial received replacement tissue made from patient-derived induced pluripotent stem cells 

(iPSC). Dr. Kapil Bharti and his team developed an iPSC-derived therapy, which is currently 

conducted in a phase I/IIa clinical trial to determine the safety of an autologous transplan-

tation of iPSC-derived RPE for geographic atrophy, the advanced dry form of AMD. Prelimi-

nary data received from experiments in rat and pig models have been promising (National 

Eye Institute (NEI), 2019a, 2019b, 2022; Magone De Quadros Costa, 2020). 

As these approaches are currently still open to discussion and a restore of gene function is 

not yet feasible, it is of utmost importance to find the exact mechanisms and signaling path-

ways to prevent these RPE defects occurring upon loss of primary cilia. This would mean 

that a larger screen would have to be performed for all signaling pathways possible in the 

RPE. In the very best case, this would happen at a single-cell level. With an improved RPE 

cell isolation method, it might be possible to isolate all cells from one eye in such a way that 

a separation of the cells into cells without primary cilia and cells with residues can be done. 
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These two populations can then be further analyzed in terms of differences and similarities 

in their molecular mechanisms in order to find possible therapeutic approaches. 

Since primary cilia are essential for signal transduction (“signaling hub of the cell”), the main 

focus should be on elucidating altered signaling pathways. It has been shown that cytoplas-

mic function of YAP1 in the RPE is indispensable to maintain adult RPE differentiation. 

Knockout of Yap1 in adult mice caused cell depolarization, tight junction breakdown, inhi-

bition of RP65 expression, reduced RPE pigmentation, retraction of microvilli and basal in-

foldings (Lu et al., 2020). All of these symptoms were also observed in the mouse models 

we used (Bbs8 and Ift20 knockout mouse models), leading to the assumption that the Hippo 

signaling pathway is worth considering for treatment approaches. Lu et al. (2020) also 

showed that YAP1 plays an important role in actively inhibiting Wnt/β-catenin signaling, 

thus downregulating β-catenin nuclear activity and preventing adult RPE dedifferentiation, 

what would lead to EMT. Primary cilia, however, are responsible for more signaling path-

ways (i.e., Hedgehog, Notch, GPCR, TGF-β), so it would certainly be worth to acquire an 

overview of all of them in order to better understand the interrelationships in disease and 

identify all potential therapeutical targets. 

In Publication I we showed that primary ciliary dysfunction upon loss of Bbs8 lead to an 

EMT-like phenotype of the RPE. It is well known that EMT is a hallmark of age-related mac-

ular degeneration (AMD), which is closely related to RPE cell dysfunction (Zhou and Zhou, 

2020). Since the Bbs8 mouse model results in a global knockout of Bbs8 it is not surprising 

that we were able to detect this EMT-like phenotype at an early age. However, in the con-

ditional Ift20 knockout mice we were able to observe minor changes in the RPE cell pheno-

type. However, because the RPE and retina are considered a functional unit and the retina 

is not yet damaged, it may be beneficial to look for changes at an older age. This becomes 

more evident when looking at the comparison of the life phases and maturational rates of 

mice and humans. As mentioned in the introduction, visual impairments have a reportedly 

higher prevalence in the ageing society, people from 50 years (Bourne et al., 2021). This 

would mean that the mice should be approximately 16-months-old (Hagan, 2017). Espe-

cially in the Ift20 knockout mice, the conducted experiments must be performed as well in 

mice of at least “middle age”, which would be in at least 10-months-old mice (Hagan, 2017). 

The results obtained may indicate possible changes over time, which could reveal new pos-

sible therapeutic approaches. Because of their relative ease of manipulation and the abun-

dance of available instrumentation, mouse models often serve as the model of choice for 

human disease studies. However, there are significant differences between rodent and hu-

man eyes, i.e., in terms of the eye anatomy and morphology. In particular, because rodents 

are nocturnal, these animals have significant differences in the retina compared to the hu-
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man eye. Therefore, experimental designs are needed that are more comparable to hu-

mans, such as nonhuman primate models. Although they are an important model in trans-

lational approaches, the use of primates as research models presents a difficult ethical de-

bate, especially in basic research (Moshiri, 2021; Hou, Du and Wu, 2022). Pigs are anatom-

ically and physically more similar to humans than rodents, making them an interesting ani-

mal model for human diseases. Their relatively short gestational age of 114 days and large 

number of offspring per litter make them more accessible than nonhuman primate models, 

for example (Moshiri, 2021; Hou, Du and Wu, 2022). Prof. Dr. Uwe Wolfrum and his team 

just introduced their pig model for Usher Syndrome 1C (USH1C) showing the combination 

of vision loss, deafness, and vestibular dysfunction as seen in human patients. This pig 

model is the first animal model mimicking the ocular symptoms of USH1C as seen in hu-

mans. This will promote future research on the molecular mechanisms of the Usher Syn-

drome and pave the way towards drug therapy development and clinical translation (Grotz 

et al., 2022). As mentioned recently, also Dr. Kapil Bharti and his team used pig models to 

validate their finding before starting their clinical trials I/IIa (National Eye Institute (NEI), 

2019a, 2019b, 2022; Magone De Quadros Costa, 2020). This shows, that based on results 

obtained from studies with rodent animal models and human samples, i.e., iPSC-derived 

RPE, pig models are essential for paving the way towards clinical studies and determining 

the best possible treatment to prevent and cure retinal degeneration. 

Due to the performed studies, we were able to get first insights into the events leading to 

retinal degermation upon cilia dysfunction in vivo. Dysfunctional primary cilia in the eye 

lead to severe defects of the RPE up to the loss of its epithelial integrity. These defects could 

undoubtedly be associated with primary ciliary defects in the RPE, as we have shown that 

retinal development remained unchanged, and degeneration began much later. Ciliopathy 

patients exhibit a “double hit”, the first due to the defective primary cilia in the RPE and the 

second due to the defective cilia in the photoreceptor. However, to date, primary cilia in 

the RPE have been largely overlooked. Therefore, the absolute next step that needs to be 

taken for a better understanding of ciliopathies is a more detailed knowledge of the molec-

ular mechanisms that lead to RPE defects upon loss of primary cilia. Only when the overall 

mechanisms leading to the disease are better understood, promising new therapeutic ap-

proaches can be developed. 
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6 Summary 

Inherited visual impairments, which are associated with retinal degeneration, are a serious 

burden affecting the aging population. The primary cilium is a microtubule-based sensory 

organelle found on almost every eukaryotic cell type and is essential for many developmen-

tal and physiological processes. More than 100 ciliary genes are associated with retinal dys-

trophies, making the primary cilium an important organelle to study with respect to retinal 

degeneration. To date, research on retinal degeneration associated with ciliary dysfunction 

has focused on the neural retina. Consequently, the aim of the present work is to decipher 

the processes occurring in the retinal pigment epithelium (RPE) after primary ciliary dys-

function. In order to do so, two knockout mouse models have been used, a global knockout 

of Bbs8 and a conditional knockout of Ift20. The latter, aiming to ablate primary cilia exclu-

sively in the RPE. 

In Publication I, we show that in mouse RPE primary cilia are temporary present only during 

development. Focusing on the molecular control of underlying processes, we were able to 

identify a BBS protein-mediated regulation of ciliary disassembly. Moreover, we observed 

that primary cilia dysfunction in Bbs8 knockout mice resulted in abnormal patterning of the 

RPE, most likely caused by defective RPE maturation processes. 

In Publication II, we focused more on the effects of Bbs8 loss on the RPE. This work provided 

more insights into the importance of ciliary proteins in the RPE and their contribution to 

visual disorders. Here, we show that absence of Bbs8 cause changes in gene and protein 

expression of components involved in a signaling pathways, developmental processes and 

RPE homeostasis and function. As a consequence, cellular polarization as well as morphol-

ogy was affected leading to a possible epithelial-to-mesenchymal-transition (EMT)-like phe-

notype of the RPE cells.  

In Manuscript I, we aimed at focusing on the examination of the effect of cilia ablation ex-

clusively in the RPE on RPE homeostasis and function, retinal degeneration, and vision. To 

be able to better investigate the role of RPE-specific role of primary cilia, an inducible RPE-

specific Cre transgenic-mouse line was developed and characterized (Publication III). How-

ever, due to tamoxifen-induced miscarriages in pregnant mice, we decided to use a non-

inducible Cre mouse line to delete Ift20 starting at E9.5. In this way, we show that the ab-

sence of primary cilia exclusively in the RPE leads to progressive pathogenicity of the eye, 

resulting in visual impairment. For the first time, primary ciliary defects in the RPE have 

been shown to precede retinal defects and contribute to retinal degeneration. 

These findings have high clinical relevance for inherited ciliopathies, as we have shown that 

both retinal dysfunction and retinal degeneration occur as a consequence of RPE defects 
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when primary cilia are absent. Deciphering the exact molecular mechanisms to prevent 

these RPE defects and consequently retinal dysfunction will pave the way for new thera-

peutic approaches for ciliopathy patients. 
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7 Zusammenfassung 

Mit Netzhautdegenerationen einhergehende vererbbare Sehstörungen, sind eine ernste 

Belastung der alternden Bevölkerung. Das Primärzilium ist ein auf Mikrotubuli basierendes 

sensorisches Organell, das auf fast allen eukaryontischen Zelltypen zu finden ist und für 

viele entwicklungsbedingte und physiologische Prozesse wichtig ist. Mehr als 100 Ziliargene 

werden mit Netzhautdystrophien in Verbindung gebracht, was das Primäzilium zu einem 

wichtigen Organell macht, welches im Hinblick auf Netzhautdegenerationen untersucht 

werden muss. Bisher konzentrierte sich die Forschung zur Netzhautdegeneration im Zusam-

menhang mit ziliärer Dysfunktion auf die Netzhaut. Ziel der vorliegenden Arbeit ist es daher, 

die Prozesse zu entschlüsseln, die im retinalen Pigmentepithel (RPE) nach einer primären 

Ziliardysfunktion ablaufen. Zu diesem Zweck wurden zwei Knockout-Mausmodelle verwen-

det, ein globaler Knockout von Bbs8 und ein konditionaler Knockout von Ift20. Letzterer 

zielt darauf ab, die primären Zilien ausschließlich im RPE beseitigen. 

In Publikation I zeigen wir, dass die Primärzilien im RPE der Maus nur während der Entwick-

lung vorhanden sind. Wir konzentrierten uns auf die molekulare Kontrolle der zugrundelie-

genden Prozesse und identifizierten eine durch das BBS-Protein vermittelte Regulation des 

Zilienabbaus. Darüber hinaus fanden wir heraus, dass eine Fehlfunktion der Primärzilien in 

Bbs8-Knockout-Mäusen zu einer abnormalen Morphologie des RPE führt, die höchstwahr-

scheinlich durch fehlerhafte RPE-Maturation verursacht wird. 

In Publikation II konzentrierten wir uns mehr auf die Auswirkungen des Bbs8-Verlustes auf 

das RPE. Diese Arbeit lieferte weitere Erkenntnisse über die Bedeutung der ziliären Proteine 

im RPE und ihren Beitrag zu Sehbeeinträchtigungen. Hier zeigen wir, dass das Fehlen von 

Bbs8 zu Veränderungen in der Gen- und Proteinexpression von Komponenten führt, die an 

Signalwegen, Entwicklungsprozessen sowie der Homöostase und Funktion des RPE beteiligt 

sind. Infolgedessen waren sowohl die zelluläre Polarisierung als auch die Morphologie be-

einträchtigt, was zu einem epithelial-mesenchymale Transition (EMT)-ähnlichen Phänotyp 

der RPE-Zellen führte.  

In Manuskript I haben wir uns auf die Untersuchung der Auswirkungen der Zilienablation 

ausschließlich im RPE auf RPE-Homöostase und -Funktion, die Netzhautdegeneration und 

das Sehvermögen konzentriert. Um die RPE-spezifische Rolle der Primärzilien besser unter-

suchen zu können, wurde eine induzierbare RPE-spezifische Cre-transgene Mauslinie ent-

wickelt und charakterisiert (Publikation III). Aufgrund von Tamoxifen-induzierten Fehlge-

burten bei trächtigen Mäusen haben wir uns jedoch entschieden, eine nicht-induzierbare 

Cre-Mauslinie zu verwenden, um Ift20 ab E9.5 auszuschalten. Auf diese Weise zeigen wir, 



Zusammenfassung 

 

40 

 

dass das Fehlen der Primärzilien ausschließlich im RPE zu einer fortschreitenden Pathogeni-

tät des Auges führt, die sich in einer Sehbeeinträchtigung manifestiert. Zum ersten Mal 

konnte gezeigt werden, dass Defekte der Primärzilien im RPE retinalen Defekten vorausge-

hen und zur Degeneration der Netzhaut beitragen. 

Diese Ergebnisse sind von großer klinischer Bedeutung für vererbte Ziliopathien, da wir ge-

zeigt haben, dass sowohl Netzhautdysfunktion als auch Netzhautdegeneration als Folge von 

RPE-Defekten auftreten, wenn Primärzilien fehlen. Die Entschlüsselung der genauen mole-

kularen Mechanismen, die diesen RPE-Defekten und folglich der Netzhautdysfunktion vo-

rausgehen, wird den Weg für neue therapeutische Ansätze für Ziliopathie-Patienten ebnen. 
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8.2 Allocation of the contributions made to the individual publications  

This cumulative dissertation consists of a total of three publications and one manuscript. 

Other scientists have also contributed to all scientific papers. The following are my contri-

butions to each paper. 

In Publication I (Patnaik et al., 2019), I demonstrated reduced numbers of ciliated cells by 

immunofluorescence microscopy of E16.5 RPE flatmounts from both Bbs6- and Bbs8-knock-

out mice (Fig. 3 a, e). After quantification and statistical analysis, I was able to verify a sig-

nificant reduction of ciliated cells in Bbs6- and Bbs8-knockout RPE.  

In Publication II (Schneider et al., 2021) I was the first author responsible for the manuscript 

drafts and the design of the associated figures, which were subsequently revised together 

with Prof. Dr. Helen May-Simera. For this paper, I performed all immunofluorescence mi-

croscopy experiments, which included dissection of the eyes, eye preparation, immunoflu-

orescence staining, preparation of RPE flatmounts, microscopy, image processing and anal-

ysis. Furthermore, I quantified the ciliated cells in P29 mouse RPE. For QuantSeq 3' mRNA 

sequencing, I dissected the eyes and prepared the eyecups, from which the RNA was then 

isolated. For further preparation of the QuantSeq 3' mRNA sequencing library and QuantSeq 

3' mRNA sequencing performed by Dr. Rossella De Cegli and Daniela Intartaglia, the isolated 

RNA was sent to the Telethon Institute of Genetics and Medicine in Italy. Dr. Rossella De 

Cegli, Daniele Intartaglia, Prof. Dr. Ivan Conte, Prof. Dr. Helen May-Simera, and I performed 

the analysis of the data in close collaboration. For mass spectrometry-based quantitative 

proteomics, I dissected the eyes and isolated the RPE cells from the eyecups. For further 

lysis and liquid chromatography with tandem mass spectrometry (LC-MS/MS) analysis per-

formed by Dr. Karsten Boldt and Prof. Dr. Marius Ueffing, the frozen RPE cell pellets were 

sent to Institute for Ophthalmic Research at Eberhard-Karls University in Tübingen. Quanti-

fication of RPE cell morphology via high-content image analysis was performed by Jayapriya 

Nagarajan and Dr. Nathan Hotaling at the National Institutes of Health (NIH) (US), using 

images immunofluorescence images that I shared with them. Interpretation of the obtained 

results was done in close cooperation of Jayapriya Nagarajan, Dr. Nathan Hotaling, Prof. Dr. 

Helen May-Simera and me. Retinal adhesion assay was performed by Dr. Viola Kretschmer 

and in vitro phagocytosis assay was performed by Peter Andreas Matthiessen. I performed 

eye dissection, tissue preparation, RNA isolation, cDNA transcription and quantitative Real-

Time PCR (qPCR) of EMT-associated genes.   

In Publication III (Schneider et al., 2018) I was the first author responsible for the manu-

script drafts and the design of the associated figures, which were subsequently revised to-

gether with Prof. Dr. Helen May-Simera. Generation of the transgenic RPE-Tyrosinase-

CreErT2 was performed by the group of Dr. Kapil Bharti at NIH. For this paper, I performed 
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all dissections, eye preparations, immunofluorescence stainings, and preparations of RPE 

and retina flatmounts. Microscopy of the stained RPE flat slides was performed either by 

myself or, for better resolution of the tile images showing the whole RPE flatmount (i.e., Fig 

4), by Dr. Maria Campos at the NIH. For quantification of recombinant expression of 

tdTomato via high-content image analysis performed by Dr. Nathan Hotaling, I processed 

the images by removing the background, regardless of whether they were taken by myself 

or at NIH. Elisabeth Sehn embedded the eyecups and cut the sections after I dissected them 

and processed the eyes for transmission electron microscopy (TEM) by fixation and dehy-

dration. TEM was performed by Elisabeth Sehn and me together. Furthermore, Elisabeth 

Sehn prepared the longitudinal cryosections of the eye, before I performed immunofluo-

rescence staining and microscopy analysis (i.e., Fig. 2) . Additionally, I quantified the recom-

binant expression of tdTomato expression in the ciliary body. Longitudinal embryo sections 

and the corresponding microscopy was performed in the lab of Dr. Kapil Bharti at the NIH. 

I performed eye dissection, tissue preparation, RNA isolation, cDNA transcription and quan-

titative Real-Time PCR (qPCR) of EMT-associated genes. 

In Manuscript I (Kretschmer & Schneider et al., 2023) together with Dr. Viola Kretschmer I 

am the co-first author responsible for the manuscript drafts and the design of the associated 

figures, which were subsequently revised together with Prof. Dr. Helen May-Simera.  

Using immunofluorescence staining of E16.5 mouse RPE flatmounts, I could demonstrate 

that the used mouse model was sufficient in deleting Ift20, thus ablation primary cilia (Fig. 

1 a-d). Additionally, I showed that this ablation of primary cilia in the RPE did not affect the 

retinal development as shown via light microscopy and TEM (Fig. 1 e-f). All specimens used 

for TEM in this manuscript were dissected and processed by me. After dehydration, Elisa-

beth Sehn embedded the fixed and dehydrated eyecups and cut the sections. All visual as-

sessment approaches of the mice (dcERG, OCT, ERG, OMR) was performed by Dr. Viola 

Kretschmer. Assessing RPE function by retinal adhesion and phagocytosis assay was per-

formed by Dr. Viola Kretschmer and Dr. Emeline Nandrot, respectively. I dissected the 

mouse eyes, that were sent to the Institut de la Vision in Paris, where Dr. Emelina Nandrot 

isolated the RPE cells and continued with the experimental approach. Quantification of the 

ultrastructural changes, that were observed in the TEM images, taken by Elisabeth Sehn and 

myself, was done by Prof. Dr. Helen May-Simera (Fig. 4 g-i). Macrophage/Microglia detec-

tion as well as analysis of the apoptosis markers Caspase-3 and -8 via immunohistochemis-

try and quantification was performed by Peter A. Matthiessen (Fig. 5, Fig. 6 d-f, Supp. Fig. 

3). Microscopic analysis of single cells of RPE flatmounts was performed by Dominik 

Reichert and Dr. Nathan Hotaling at the NIH (Fig. 6 a-c). For QuantSeq 3' mRNA sequencing, 

I dissected the eyes and prepared the eyecups, from which the RNA was then isolated. For 

further preparation of the QuantSeq 3' mRNA sequencing library and QuantSeq 3' mRNA 
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sequencing performed by Dr. Rossella De Cegli, the isolated RNA was sent to the Telethon 

Institute of Genetics and Medicine in Italy. Dr. Rossella De Cegli and Prof. Dr. Ivan Conte 

performed the analysis of the data. qRT-PCR was performed by Peter A. Matthiessen (Fig. 8 

f). For scanning electron microscopy (SEM), I dissected the eyes and processed the eyecups 

using standard EM procedures (fixation, dehydration, drying and mounting). SEM was per-

formed by Gunnar Glaßer, Prof. Dr. Helen May-Simera and me at the Max-Planck Institute 

for Polymer Research.  
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8.5 Publication IV – Tissue-dependent differences in Bardet-Biedl syndrome 

gene expression (Published) 

Patnaik SR, Farag A, Brücker L, Volz AK, Schneider S, Kretschmer V, May-Simera HL: Tissue-

dependent differences in Bardet-Biedl syndrome gene expression. Biol Cell. 2020 

Feb;112(2):39-52. PMID: 31845361. 

As growing evidence suggests that cilia proteins also have ciliary-independent functions 

contributing to disease etiology, we show with this publication that some Bbs proteins not 

only function in a complex but might also have alternative organ-specific ciliary-independ-

ent functions. However, loss of Bbs6 or Bbs8 affects expression of other Bbs transcripts in a 

tissue-dependent way. These results shed a light on understanding disease pathogenesis 

and development of possible treatment strategies. 

https://onlinelibrary.wiley.com/doi/10.1111/boc.201900077
https://onlinelibrary.wiley.com/doi/10.1111/boc.201900077
https://onlinelibrary.wiley.com/doi/10.1111/boc.201900077
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Biol. Cell (2020) 112, 39–52 DOI: 10.1111/boc.201900077 Research article

Tissue-dependent differences in
Bardet–Biedl syndrome gene
expression
Sarita Rani Patnaik, Aalaa Farag, Lena Brücker, Ann-Kathrin Volz, Sandra Schneider, Viola Kretschmer
and Helen Louise May-Simera1

Cilia Cell Biology, Institute of Molecular Physiology, Johannes-Gutenberg University, Mainz 55128, Germany

Background Information. Primary cilia are highly conserved multifunctional cell organelles that extend from the cell
membrane. A range of genetic disorders, collectively termed ciliopathies, is attributed to primary cilia dysfunction.
The archetypical ciliopathy is the Bardet–Biedl syndrome (BBS), patients of which display virtually all symptoms
associated with dysfunctional cilia. The primary cilium acts as a sensory organelle transmitting intra- and extra-
cellular signals thereby transducing various signalling pathways facilitated by the BBS proteins. Growing evidence
suggests that cilia proteins also have alternative functions in ciliary independent mechanisms, which might be
contributing to disease etiology.

Results. In an attempt to gain more insight into possible differences in organ specific roles, we examined whether
relative gene expression for individual Bbs genes was constant across different tissues in mouse, in order to distin-
guish possible differences in organ specific roles. All tested tissues show differentially expressed Bbs transcripts
with some tissues showing a more similar stoichiometric composition of transcripts than others do. However,
loss of Bbs6 or Bbs8 affects expression of other Bbs transcripts in a tissue-dependent way.

Conclusions and Significance. Our data support the hypothesis that in some organs, BBS proteins not only function
in a complex but might also have alternative functions in a ciliary independent context. This significantly alters our
understanding of disease pathogenesis and development of possible treatment strategies.

� Additional supporting information may be found online in the Supporting Information section at
the end of the article.

Introduction
Primary cilia are highly conserved multifunctional
cell organelles that extend from the cell membrane.
These microtubule-based appendages are vital for de-
velopment and homeostasis of different organs and
tissues and play a role in transduction of intra-
and extracellular signals. In contrast to motile cilia,

1To whom Correspondence should be addressed (email
hmaysime@uni-mainz.de)
Key words: bardet-biedl syndrome, cilia, ciliopathy, gene regulation, mRNA.
Abbreviations: Arl6, ADP-ribosylation factor-like protein 6; ARVO, Associa-
tion for Research in Vision and Ophthalmology; BBS, Bardet–Biedl syndrome;
CCT/TRiC, chaperonin-containing TCP1 complex; cDNA, complementary de-
oxyribonucleic acid; DNA, deoxyribonucleic acid; DEPC, diethyl pyrocarbonate;
GPCR, G protein-coupled receptor; Gapdh, glyceraldehyde 3-phosphate dehy-
drogenase; IFT, intraflagellar transport; Mkks, McKusick-Kaufman syndrome;
mRNAs, messenger ribonucleic acids; OD, optical density; PCR, polymerase
chain reaction; qRT-PCR, quantitative real-time polymerase chain reaction;
RNA, ribonucleic acids; RNF2, RING finger protein 2; TOR, target of rapamycin;
UK, United Kingdom; Usf1, upstream stimulatory factor 1.

which are found on specialised tissues, primary cilia
are a component of virtually all vertebrate cells,
and functional defects cause a wide spectrum of
clinical phenotypes. A range of genetic disorders,
collectively termed ciliopathies, is attributed to pri-
mary cilia dysfunction. The archetypical ciliopathy
is the Bardet–Biedl syndrome (BBS), patients of
which display retinopathy, kidney dysfunction, obe-
sity, polydactyly, behavioural dysfunction and hypog-
onadism [Forsythe and Beales, 2013].

The primary cilium acts as a sensory organelle
transmitting intra- and extracellular signals
[Ishikawa and Marshall, 2011] thereby transducing

This is an open access article under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs License, which permits use and distribu-
tion in any medium, provided the original work is properly cited, the use is
non-commercial and no modifications or adaptations are made.
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various signalling pathways including Wnt [May-
Simera and Kelley, 2012], Hedgehog [Goetz and
Anderson, 2010], Notch [Ezratty et al., 2011],
PDGF [Schneider et al., 2005], TOR [Yuan et al.,
2013] and Hippo [Habbig et al., 2011]. Correct sig-
nal transduction is essential for tissue development
and homeostasis and the Bardet–Biedl syndrome
proteins have been shown to play a crucial role in
this. To date, 23 BBS genes (BBS1 - 23) have been
reported. Most recently two BBS disease causing
loci have been found in other cilia associated genes,
namely IFT74/BBS22 and SCAPER/BBS23 [Lind-
strand et al., 2016; Schaefer et al., 2019; Wormser
et al., 2019]. A subset of these genes encodes proteins
that form an octameric complex termed the BBSome,
which is crucial for ciliary trafficking [Jin et al.,
2010]. The assembly of this complex is facilitated by
chaperonin-like BBS proteins [BBS6/MKKS, BBS10
and BBS12; Seo et al., 2010; Zhang et al., 2012].
Although a defect in any BBS gene gives rise to a
BBS diagnosis, there is a huge degree of phenotypic
variation with no clear genotype to phenotype
correlation even within families.

Growing evidence suggests that cilia proteins also
have alternative functions in ciliary independent
mechanisms. Such extraciliary functions include cell
cycle regulation, non-ciliary trafficking, regulation
of the DNA damage response, and transcriptional
control [Vertii et al., 2015; Hua and Ferland, 2018].
In light of this, it is plausible that the BBSome and
BBS chaperonin-like proteins also have alternative
functions, possibly in an individual protein depen-
dent manner. In an attempt to gain more insight into
this, we examined whether relative gene expression
for individual Bbs genes was constant across different
tissues, in order to distinguish possible differences
in organ specific roles. Furthermore, we wanted
to examine the effect of Bbs protein loss on other
BBSome or chaperonin-like components.

Results
Differential expression of BBSome transcripts
across mouse tissues
To determine tissue specific expression levels of BB-
Some and chaperonin-like Bbs transcripts, we assessed
their relative expression in a variety of adult mouse
tissues. Quantitative real-time PCR (qRT-PCR) was
used to examine the abundance of mRNA transcripts
in brain, kidney, lung, spleen, heart, oviduct and

retina. Because alternative splicing can produce tran-
scripts with different stabilities, we designed primers
to recognise as many of the different Bbs transcripts
as possible (Table 1). An important consideration is
that expression levels of housekeeping genes can vary
across tissues, therefore caution must be used when
comparing gene expression levels across multiple tis-
sues and normalizing to expression of a single house-
keeping gene. We chose Gapdh as a housekeeping
control gene since the expression of Gapdh was more
stable across the tissues examined than Usf1 or other
cytoskeletal markers (Supporting Information Figure
1). Furthermore we saw no differences in levels of
Gapdh expression between either of our mutants and
their littermate controls.

Our results show that Bbs transcripts are differen-
tially expressed in different tissues when normalised
against the housekeeping control Gapdh (Figure 1a–
h). The expression levels of most BBSome transcripts
were highest in the retina with the exception of Bbs18
(Figure 1h). This correlates with the functional role
of the BBSome in trafficking across the connecting
cilium in photoreceptors [Datta et al., 2015]. Al-
though the BBSome has a trafficking role in all cilia,
the volume of traffic required to build and maintain
the photoreceptor outer segment is particularly high
and requires continuous turnover of ciliary traffick-
ing proteins. Expression of Bbs18 was most abundant
in the spleen and oviduct.

Expression of BBSome transcripts within a tissue
is not stoichiometric
Comparison of BBSome expression levels within a
specific tissue revealed variable BBSome composition
across different tissues. Expression of BBSome
mRNAs were not stoichiometric, rather they were
differentially expressed in specific tissues (Fig-
ure 2a–g). Interestingly, the expression profiles in
brain and kidney were strikingly similar (Figures 2a
and 2b). Bbs1 was the most abundantly expressed
transcript in brain and kidney, yet one of the
least abundant transcripts in heart and oviduct
(Figure 2a, 2b, 2e, and 2f). Bbs18 was most abundant
in the spleen, heart and oviduct, yet contributed
the least in the retina (Figure 2g). Interestingly,
Bbs9 was highly abundant in the retina and spleen
(Figures 2d and 2g). However, mutations in the
BBS9 gene have been implicated in nonsyndromic
craniosynostosis [Barba et al., 2018]. These results

40 www.biolcell.net | Volume (112) | Pages 39–52

 1768322x, 2020, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/boc.201900077 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [05/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Tissue-dependent differences in Bardet–Biedl syndrome gene expression Research article

Table 1 Gene symbol, primer sequences, primer efficiency for each evaluated Primer

Gene symbol Primer sequencesForward n Reverse Primer efficiency Transcript identified

Bbs1 CCCTACTTCAAGTTCAGCCTG
TCTGCCTTTTCCCTGATGTC

114.35% ENSMUST00000053506.7

Bbs2 ACATTGCCCCACCTCTTG
TCTTCCCATCACCGTCAAAG

115% ENSMUST00000034206.5

Bbs3 GATACCCTTCTGAATCACCCAG
CCACGGCTTGTCTTTAATGC

107.23% ENSMUST00000023405.9
ENSMUST00000099646.3
ENSMUST00000118438.1
ENSMUST00000149797.1

Bbs4 GCTCCAGACTTCCCTATTGTG
GCATATTCACATAGCCCCTGAG

109.34% ENSMUST00000026265.7

Bbs5 ACAAAGTCTATTCTGCCAGTCC
AAATACGCCACAAAAGCATCC

98.31% ENSMUST00000074963.8
ENSMUST00000112286.8
ENSMUST00000134659.7

Bbs6 GTGTGCTCTGCAAGATTTGG
AAGACGTGCATTGCTGTTTG

97.74% ENSMUST00000110089.8
ENSMUST00000028730.12

Bbs7 ATGGATCTGACGTTAAGCCG
CCTTTTGTGTAGCCCTTTGTCTTGAGGT

112.60% ENSMUST00000108156.8
ENSMUST00000040148.10
ENSMUST00000108155.7
ENSMUST00000129671.1

Bbs8 GAGGCAGCTGATGTCTGGTACA
CATTGGTGGGCCAAGTTTGT

98.25% ENSMUST00000085109.9
ENSMUST00000079146.12

Bbs9 ACAAATCTCCTGTCAGTCTGC
TCGTTGGGATGTTCTGGAAG

96.84% ENSMUST00000147712.7
ENSMUST00000150395.7
ENSMUST00000039798.15
ENSMUST00000147405.7
ENSMUST00000127296.7

Bbs10 TCCAGCCTCAGTTTTCATCG
ACTGAGATGCCTGAAACTGTG

111.39% ENSMUST00000040454.4
ENSMUST00000219990.1

Bbs12 CGCCGAGCATTGGATGTAG
CATGCACACCCACACGT

104.30% ENSMUST00000057975.7
ENSMUST00000108121.3

Bbs18 CCCTTAAAATCTCTGACGCTGG
TGCCTTTTCTGCCATTTCTTG

102.75% ENSMUST00000135402.3
ENSMUST00000236885.1
ENSMUST00000235348.1
ENSMUST00000236370.1
ENSMUST00000236098.1
ENSMUST00000235688.1
ENSMUST00000237049.1

Gapdh CGACTTCAACAGCAACTCCCACTCTTCC
TGGGTGGTCCAGGGTTTCTTACTCCTT

99.58% ENSMUST00000118875.7
ENSMUST00000117757.8
ENSMUST00000073605.14
ENSMUST00000183272.1

suggested either tissue-dependent differences in
BBSome composition and/or protein half-life, or that
some of these transcripts are required for alternative
non-BBSome-related functions in different tissues.

Less variable expression of BBS chaperonin-like
transcripts across mouse tissues
Next, we determined the gene expression patterns of
the three chaperonin-like Bbs transcripts (Bbs6/Mkks,
Bbs10 and Bbs12; Figure 3). Overall, we saw less
variation of these transcripts across different tissues.

With exception of lung and heart, which both had
slightly higher levels of expression; the level of Bbs6
was relatively constant (Figure 3a). The expression
pattern of Bbs10 was largely consistent across differ-
ent tissues (Figure 3b). Bbs12 expression varied the
most, with lower expression in brain and kidney and
higher expression in the spleen, oviduct and retina
(Figure 3c).

When looking at these expression levels within
specific tissues, we observe a similar stoichiometry
of expression in brain and kidney (Figure 3d,e), akin

41C© 2019 The Authors. Biology of the Cell published by Wiley-VCH Verlag GmbH & Co. KGaA on behalf of Société Française des Microscopies and Société de

Biologie Cellulaire de France

 1768322x, 2020, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/boc.201900077 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [05/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



S. R. Patnaik and others

Figure 1 Expression of BBSome transcripts
Bar charts showing gene expression of Bbs1,2,4,5,7,8,9,18 in different tissues relative to Gapdh. Relative expression levels of

each sample averaged. Error bars show standard error of the mean. n = 4 for all genes, Bbs8 n = 3. Statistics were done using

the Dunnett’s multiple comparison test *p � 0.05; **p � 0.01; *p � 0.001; ns, not significant.

a b

c d

e f

g h

B
ra

in
 

K
id

ney

Lung

S
ple

en

O
vi

duct

R
et

in
a

0.00

0.05

0.10

0.15

0.20

0.25

B
bs
1 

e
x

p
re

s
s

io
n

 r
e

la
ti

v
e

to
 G
ap
dh

 (
1
/Δ

C
T

)

H
ea

rt

H
ea

rt

B
ra

in
 

K
id

ney

Lung

S
ple

en

O
vi

duct

R
et

in
a

0.0

0.1

0.2

0.3

0.4

0.5

0.6

B
bs
2 

e
x

p
re

s
s

io
n

 r
e

la
ti

v
e

to
 G
ap
dh

 (
1

/Δ
C

T
)

O
vi

duct

H
ea

rt

B
ra

in
 

K
id

ney

Lung

S
ple

en

R
et

in
a

0.0

0.1

0.2

0.3

0.4

B
bs
4 

e
x

p
re

s
s

io
n

 r
e

la
ti

v
e

to
 G
ap
dh

 (
1
/Δ

C
T

)

H
ea

rt

B
ra

in
 

K
id

ney

Lung

S
ple

en

O
vi

duct

R
et

in
a

0.0

0.1

0.2

0.3

0.4

B
bs
5 

e
x

p
re

s
s

io
n

 r
e

la
ti

v
e

to
 G
ap
dh

 (
1
/Δ

C
T

)

O
vi

duct

H
ea

rt

B
ra

in
 

K
id

ney

Lung

S
ple

en

R
et

in
a

0.0

0.1

0.2

0.3

0.4

0.5

0.6

B
bs
7 

e
x

p
re

s
s

io
n

 r
e

la
ti

v
e

to
 G
ap
dh

 (
1
/Δ

C
T

)

H
ea

rt

B
ra

in
 

K
id

ney

Lung

S
ple

en

O
vi

duct

R
et

in
a

0.0

0.1

0.2

0.3

0.4

B
bs
8 

e
x

p
re

s
s

io
n

 r
e

la
ti

v
e

to
 G
ap
dh

 (
1
/Δ

C
T

)

H
ea

rt

B
ra

in
 

K
id

ney

Lung

S
ple

en

O
vi

duct

R
et

in
a

0.0

0.2

0.4

0.6

0.8

1.0

B
bs
9 

e
x

p
re

s
s

io
n

 r
e

la
ti

v
e

to
 G
ap
dh

 (
1
/Δ

C
T

)

H
ea

rt

B
ra

in
 

K
id

ney

Lung

S
ple

en

O
vi

duct

R
et

in
a

0.0

0.2

0.4

0.6

0.8

1.0

B
bs
18

 e
x

p
re

s
s

io
n

 r
e

la
ti

v
e

to
 G
ap
dh

 (
1
/Δ

C
T

)

***

*

ns

*** ***

ns

ns
ns ns

ns

ns

**

ns

ns

ns
ns

ns

** ***

**

ns

ns

ns

ns

ns

ns

ns
ns ns

***
*

ns

ns

ns
ns

ns

***

ns

ns

ns ns

ns

ns

**

**

ns ns

ns

ns
ns

42 www.biolcell.net | Volume (112) | Pages 39–52

 1768322x, 2020, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/boc.201900077 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [05/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Tissue-dependent differences in Bardet–Biedl syndrome gene expression Research article

Figure 2 Relative expression of BBSome transcripts
Pie charts showing relative gene expression of Bbs1,2,4,5,7,8,9,18 in each tissue. Total expression of all BBSome transcripts is

set at 100%. n = 4 for all genes, Bbs8 n = 3.
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e f g

to the trend seen for the BBSome transcripts. The
one transcript that stands out is Bbs12, which is
comparatively more abundant in spleen, oviduct and
retina (Figure 3f–j). Overall, relative chaperonin-like
Bbs expression levels within a specific tissue was
less variable across tissues as compared to BBSome
transcripts (Figures 3d–j and 2a–g).

Loss of Bbs8 leads to altered expression of other
Bbs transcripts
Previous studies from our lab have shown aberrant
gene expression of ciliary proteins upon loss of BBS
function [Patnaik et al., 2019]; however, very little is
known about the transcriptional control of BBSome
genes upon loss of one subunit. To assess the expres-
sion of BBSome subunits in the absence of Bbs8/Ttc8,
we utilised a knock out mouse model. We measured
mRNA expression levels of the other seven BBSome
components as well as the three chaperonin-like genes
in tissues harvested from adult Bbs8+/+ and Bbs8−/−
littermate mice.

We observed significant changes in BBSome
mRNA levels in the absence of Bbs8 suggesting a pos-
sible transcriptional control mechanism (Figure 4a–
n). mRNA levels were either lower or unchanged
in Bbs8−/− mice compared to Bbs8+/+ in all tissues

analysed (Figure 4a–n). We did not see a signifi-
cant increase in mRNA expression of other BBSome
subunits in an attempt to compensate for the loss.
Intriguingly, the expression of Bbs7 was significantly
lower in all knock out tissues tested, while Bbs9 did
not show any significant changes in expression (Fig-
ures 4e and 4f). Bbs18 was only downregulated in
heart. Similar to what was observed above, expression
patterns in brain and kidney were remarkably simi-
lar. In these two tissues, only Bbs7 was significantly
downregulated (Figures 4h and 4i). This could possi-
bly suggest a similar mechanism of transcriptional
control in these two organs. Other organs (lung,
spleen, heart, oviduct, and retina) have numerous
BBSome subunits that are significantly less expressed
in Bbs8−/− mice compared to control (Figure 4j–n).
Since Bbs3 (Arl6) has extremely close functional links
to the BBSome [Fan et al., 2004; Klink et al., 2017],
we also analyzed the expression levels of this gene in
Bbs8−/− tissues. We found that Bbs3 had a unique pat-
tern of expression change that did not resemble any
of the changes in expression for individual BBSome
components (Supporting Information Figure 2a).

We next assessed the mRNA expression levels of
chaperonin-like components in Bbs8+/+ and Bbs8−/−
tissues (Figure 5a–j). Again, we observe tissue- and
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S. R. Patnaik and others

Figure 3 Expression of BBS chaperonin-like transcripts
a–c) Bar chart showing gene expression of Bbs6, Bbs10 and Bbs12 in different tissues relative to Gapdh. Relative expression

levels of each sample averaged. Error bars show standard error of the mean. Statistics were done using the Dunnett’s multiple

comparison test *p � 0.05; ns not significant. d–j) Pie charts showing relative gene expression of Bbs6/Mkks, Bbs10 and Bbs12

in each tissue. Total expression of all Bbs-chaperonin transcripts is set at 100%. n = 5 for Bbs10 and 12, Bbs6 n = 3.
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gene-dependent differences. Loss of Bbs8 affected the
expression levels of all three transcripts, Bbs6/Mkks,
Bbs10 and Bbs12, variably (Figure 5a–c). In mu-
tant mice Bbs6 expression was reduced compared
to control in brain, oviduct and retina, while Bbs10
showed lower expression in lung and heart (Figures 5a
and 5b). The expression of Bbs12 was comparable
between mutant and control with the exception of
oviduct, in which Bbs12 was increased (Figure 5c).
This was the only case in which loss of Bbs8 lead to

an increase in expression of an alternative Bbs gene.
When focusing on individual tissues, brain and retina
had a similar change in expression pattern, as well
as lung and heart (Figures 5d, 5j, 5f and 5h). De-
creased expression of Bbs6 is only compensated by
increased expression of Bbs12 in oviduct (and not in
brain or retina). This highlights a possible importance
of Bbs6 in the reproductive system. The expression of
chaperonin-like genes were unaffected in kidney and
spleen (Figures 5e and 5g).
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Tissue-dependent differences in Bardet–Biedl syndrome gene expression Research article

Figure 4 Expression of BBSome transcripts in Bbs8−/− tissues
a–g) Bar chart showing gene expression of Bbs1,2,4,5,7,8,9,18 in different tissues from Bbs8−/− tissues relative to control Bbs8+/+

(red line). Coloured bars indicate significantly downregulated genes. Relative expression levels of each sample averaged. Error

bars show standard error of the mean. ***p � 0.001,**p � 0.01,*p � 0.05. h–n) Graphical representation of different tissue

with respective genes downregulated (coloured boxes) in Bbs8−/− tissues relative to control. Experiments were performed in

triplicates from three individual animals.
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S. R. Patnaik and others

Figure 5 Expression of BBS chaperonin-like transcripts in Bbs8−/− tissues
a–c) Bar chart showing gene expression of Bbs6, 10 and 12 in different tissues from Bbs8−/− tissues relative to control Bbs8+/+

(red line). Purple coloured bars indicate significantly downregulated genes, blue coloured bar indicates significantly upregulated

gene. Relative expression levels of each sample averaged. Error bars show standard error of the mean. ***p � 0.001, **p �

0.01, *p � 0.05. d–j) Graphical representation of different tissues with respective genes downregulated or upregulated (coloured

boxes) in Bbs8−/− tissues relative to control. Purple indicates significantly downregulated genes, blue significantly upregulated

genes. Experiments were performed in triplicates from three individual animals.
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Effect of Bbs6 loss on other Bbs transcripts
Lastly, we examined the loss of a BBS chaperonin-
like component on Bbs transcript expression. We
started by analysing the expression variability of
BBSome components in different tissues in Bbs6−/−
adult mice compared to Bbs6+/+ littermate controls.
Perhaps unsurprisingly, in contrast to Bbs8−/− mu-
tant mice, the expression of BBSome mRNA re-
mained stable in most tissues compared to the con-
trol, with the exception of spleen and lung (Fig-
ure 6a–o). All BBSome components except for Bbs2
showed significantly higher expression in spleen (Fig-
ure 6l). In Bbs6−/− lung Bbs2, Bbs4 and Bbs18 ex-

pression was increased (Figure 6k). This increased
expression (albeit only in spleen and lung) is in
contrast to the decreased expression of BBSome
transcripts in Bbs8−/− mice. As for the Bbs8−/−
tissue, we also analyzed the expression levels of Bbs3
in Bbs6−/− tissues. Similarly, we found that Bbs3 also
had a unique pattern of expression change upon loss
of Bbs6 (Supporting Information Figure 2b).

Similar to the BBSome transcripts, expression lev-
els of chaperonin-like components were also less vari-
able in Bbs6−/− adult mice compared to controls
(Figure 7a–i). The only differences were observed in
spleen, in which Bbs10 was significantly increased
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Tissue-dependent differences in Bardet–Biedl syndrome gene expression Research article

Figure 6 Expression of BBSome transcripts in Bbs6−/− tissues
a–h) Bar chart showing gene expression of Bbs1,2,4,5,7,8,9,18 in different tissues from Bbs6−/− tissues relative to control (red

line). Coloured bars indicate significantly upregulated genes. Relative expression levels of each sample averaged. Error bars

show standard error of the mean. ***p � 0.001, **p � 0.01, *p � 0.05. i–o) Graphical representation of different tissues with

respective genes upregulated (coloured boxes) in Bbs6−/− tissues relative to control. Experiments were performed in triplicates

from three individual animals.
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S. R. Patnaik and others

Figure 7 Expression of BBS chaperonin-like transcripts in Bbs6−/− tissues
a and b) Bar chart showing gene expression of Bbs6, 10 and 12 in different tissues from Bbs6−/− tissues relative to control

(red line). Blue coloured bar indicates significantly upregulated gene, purple coloured bars indicates significantly downregulated

gene. Relative expression levels of each sample averaged. Error bars show standard error of the mean. ***p� 0.001, **p�

0.01,*p� 0.05. c–i) Graphical representation of different tissues with respective genes upregulated or downregulated (coloured

boxes) in Bbs6−/− tissues relative to control. Blue indicates significantly upregulated genes, purple significantly downregulated

genes. Experiments were performed in triplicates from three individual animals.
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(Figure 7a and 7f), and in heart in which Bbs12 was
significantly decreased (Figures 7b and 7g). Overall,
loss of the chaperonin-like component Bbs6 did not
have a profound effect on transcripts encoding BB-
Some or chaperonin-like mRNA expression.

Discussion
Mutations in BBS genes cause a multitude of
phenotypes affecting various organs and tissues. The
predominant understanding is that BBS proteins fa-
cilitate ciliary membrane trafficking. In this context,

the BBSome proteins (BBS1, 2, 4, 5, 7, 8, 9 and 18)
form an octomeric protein complex that bind GPCRs
and other receptors as a cargo adaptor during IFT
[Nachury et al., 2007; Klink et al., 2017; Liu and
Lechtreck, 2018]. In particular, BBSome-mediated
trafficking is crucial for retrieval of GPCRs back into
the cell [Wei et al., 2012; Nager et al., 2017; Ye
et al., 2018]. The BBS chaperonin-like genes encode
proteins (BBS6, 10, 12) that form a complex with
the CCT/TRiC family chaperonins which is essential
for BBSome assembly. However, the idea that BBS
proteins are only functional in a ciliary context
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might be an oversimplification. In recent years,
there has been increasing interest in highlighting
functions of ciliary proteins at extra-ciliary sites
and in non-ciliary contexts. Such functions include
intracellular trafficking, regulation of the cytoskele-
ton, mitosis, cell cycle regulation, regulation of the
DNA damage response and transcriptional control
[Vertii et al., 2015; Hua and Ferland, 2018]. Several
studies also suggest that some of the BBS proteins
might take on extra-ciliary roles, possibly in a
non BBSome/chaperonin dependent manner that
could be relevant to the aetiology of the disorder
[Novas et al., 2015]. Alternative functions might be
dependent on both time point and tissue type.

To gain more insight into BBS functionality, we set
out to examine whether relative gene expression for
individual BBS genes was constant across different
tissues. We wanted to test the stoichiometric compo-
sition of Bbs at the level of mRNA across tissues. We
postulated that if the BBSome and Bbs chaperonin-
like genes only encode proteins that function in a
defined complex, then their relative expression lev-
els should be stoichiometrically conserved between
different tissues.

We found that Bbs transcripts are differentially
expressed in different tissues. Overall, there was a
higher degree of variation among BBSome transcripts
as opposed to BBS chaperonin-like transcripts. These
results suggested possible tissue-dependent differ-
ences in BBSome composition and/or protein half-
life, or that some of these transcripts might also be re-
quired for alternative non-BBSome-related functions
in different tissues. A more stoichiometric expression
of BBS chaperonin-like transcripts suggests that their
individual functions might be more closely coupled.
Interestingly, several tissues had similar distribution
of expression, which might allude to similar func-
tionality on a molecular level. For example in brain
and in kidney, the stoichiometry of both BBSome
and BBS chaperonin-like transcripts were more sim-
ilar compared to other tissues.

When we analysed mRNA expression of other BB-
Some components upon loss of BBSome component
Bbs8, we observed that numerous transcripts were de-
creased, which might suggest a transcriptional con-
trol mechanism. Alternatively loss of Bbs8 might
have a stronger impact on tissue health or function
and therefore a greater impact on overall gene tran-
scription. Surprisingly, we did not see a significant

increase in mRNA expression of other BBSome sub-
units that would suggest compensation for the loss
of Bbs8. Interestingly there was little consistency in
which transcripts were affected with the exception of
Bbs7, which was significantly decreased in all tissues
examined, and Bbs9, which was stable across tissues.
Loss of Bbs8 also affected the expression of individ-
ual chaperonin-like genes differently. Bbs6 and Bbs10
were decreased in several tissues. In contrast, Bbs12
was found to be upregulated in oviduct. As in the
control tissues, several tissues "responded" in a sim-
ilar manner, such as brain and kidney in terms of
BBSome transcripts and brain and retina in terms of
chaperonin-like transcripts, alluding to similar func-
tionalities of these molecules in these tissues.

Loss of BBS chaperonin-like component Bbs6 had
little effect on the expression of BBSome transcripts
in most tissues, yet surprisingly virtually all BBSome
mRNAs in spleen and half in lung were upregulated.
This might suggest that Bbs6 has some alternative
role in spleen and lung tissue that is not present in
any of the other tissues. Loss of Bbs6 also increased the
expression of the other chaperonin-like component,
Bbs10, but only in spleen. Again, this suggests a pos-
sible alternative molecular function of Bbs6, which is
possibly more prevalent in spleen. Although spleen
defects are not readily reported in BBS patients.

Since alternative splicing can produce transcripts
with different stabilities, we designed primers to
recognise as many of the different BBS transcripts
as possible. Nonetheless, alternative transcripts
could result in different mRNA levels, which might
contribute to the differences in expression levels
described above. Absolute expression values must
always be measured in relation to a housekeeping
control the selection of which is crucial. We chose
Gapdh, since it was the best option available to
us, but are aware that variation in expression of
housekeeping controls across tissues, which can
always distort comparisons.

While our approach reveals differences in tran-
scription that presumably affect protein abundance
and consequent function, we were unable to show
this directly due to technical limitations related
to BBS proteins. Antibodies against these proteins
are notoriously inconsistent and difficult to use.
Numerous Western blots were performed using
various tissues but give that certain antibodies failed
or either detected bands at incorrect sizes or in knock
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Biologie Cellulaire de France

 1768322x, 2020, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/boc.201900077 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [05/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



S. R. Patnaik and others

out tissues, the data were unreliable. To overcome
issues related to antibody specificity, protein abun-
dance was also quantified via mass spectroscopy but
proved imprecise due to the relatively low abundance
of Bbs proteins in each sample.

As mentioned above previous studies have already
shown that BBS protein functions are not restricted
to the primary cilium. Such functions include
intracellular trafficking. BBSome components have
been found to assist retrograde dynein mediated
melanosome transport in zebrafish [Yen et al., 2006]
as well as trafficking of various receptor molecules
(Notch and Vangl2) to the cell membrane [Leitch
et al., 2014; May-Simera et al., 2015]. An active
role in regulation of the cytoskeleton has also been
shown for BBS4, 6 and 8 via manipulation of
actin polymerisation [Hernandez-Hernandez et al.,
2013]. Associations with the centrosome, centriolar
satellites and the mid body might also underlie
BBS4 and 6 facilitation of cell cycle regulation and
mitosis [Kim et al., 2004, 2005; Zhang et al., 2014].
More recently, there have been reports showing that
several BBS proteins enter the nucleus where they
can influence gene expression through interactions
with the polycomb group member protein RNF2
[Gascue et al., 2012; Scott et al., 2017].

Although our results suggest BBS proteins might
have alternative functions independent of each other
in different tissues, it is important to mention the
evidence that argues against this hypothesis. Over-
all there is little evidence of a genotype–phenotype
relationship among individuals affected with BBS,
with a lack of tissue-specific defects in BBS patients
carrying mutations in different BBS genes. The one
exception here is the renal phenotype. A recent meta-
analysis study in the Czech Republic found that the
core BBSome subunits BBS2, 7 and 9 manifest as
more critical in the kidney [Niederlova et al., 2019].
Similarly, the risk factor for severe renal disease were
found to vary between patients harbouring BBS1, 2,
9, 10 or 12 mutations in a detailed study with 350
BBS patients in the UK [Forsythe et al., 2017]. An
additional argument is that most functionally tagged
BBSome proteins tend to show the same expression
pattern (exclusively ciliary localisation) in cultured
cells [Barbelanne et al., 2015; Ye et al., 2018]. Lastly,
biochemical analyses have shown that the BBSome
proteins consistently build one stable functional com-
plex [Nachury et al., 2007; Klink et al., 2017].

In conclusion, we have seen that Bbs transcripts are
not stoichiometrically expressed in different tissues
and that loss of Bbs function affects expression of
other transcripts differently. These data support the
hypothesis that in some tissues at least, BBS proteins
do not only function in a complex but might also have
alternative functions in a ciliary independent context
independent of one another.

Materials and methods
Animals
All mouse work was performed as per ethical approval from ap-
propriate governing bodies. Experiments were performed in ac-
cordance with guidelines provided by Association for Research
in Vision and Ophthalmology (ARVO). Animals were main-
tained on a cycle of 12 hours of light (200 lux) and 12 hours of
darkness. The generation and characterisation of Bbs6/Mkks and
Bbs8/Ttc8 knock out (KO) mice have been previously described.
For analysis of wild-type tissues, organs were harvested from
C57BL/6 mice aged between 6 and 8 months. For comparison
between control and Bbs knock out tissues, littermate controls
of the same age were used in all experiments.

Biological materials
Mice were euthanised by cervical dislocation. Brain, kidney,
lung, spleen, heart, oviduct and retina tissue samples were dis-
sected from adult female mice. Tissues were placed immediately
in TRIzol Reagent (Thermo Fisher Scientific) (for RNA) or snap
frozen (for Western blotting) and stored at −80°C until further
use.

RNA isolation
Total RNA was isolated from tissue samples using TRIzol
Reagent (Thermo Fisher Scientific). Tissues were homogenised
using a FastPrep

R©
-24 classic (MP Biomedicals) bead-basher at a

setting of six (6 m/s) for 20–60 s, periodically placing the sam-
ples on ice in between pulses. RNA extraction was performed
according to manufacturer’s instructions and stored at −80°C.
RNA quality and quantity were measured using a Nanodrop
ND-1000 spectrophotometer (Thermo Fisher Scientific) follow-
ing manufacturer’s instructions. Only samples with an OD260/280
reading between 1.8 and 2.1 were used for gene qRT-PCR ex-
periments.

Reverse transcription and qRT-PCR
For analysis of target gene mRNA expression, 4 µg of RNA was
reverse transcribed into cDNA in a 20 µL reaction volume us-
ing the SuperScriptTM III first-strand synthesis system (Thermo
Fisher Scientific) according to manufacturer’s instructions.

Reverse transcription products were diluted in DEPC H2O.
The cDNA was diluted 1:50 or 1:20 while using Gapdh or
Bbs primers respectively. One microliter of the diluted cDNA
was used in each qPCR reaction, with a total volume of 10 µl.
qRT-PCR amplification was performed using the SYBR

R©
-Green

reagent (Life Technologies) on a Step One PlusTM Real-Time
PCR machine (Applied Biosystems; Thermo Fisher Scientific,
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Inc.). The thermocycler conditions were as follows: Initial de-
naturation at 95°C for 10 min, followed by 40 cycles of 95°C
for 10 s, 60°C for 30 s; and a final extension at 72°C for 1
min. mRNA expression of the Bbs genes were calculated using
the 2−��Ct method. All primer sequences used for qRT-PCR
analysis are listed below (Table 1).

Melt curve analysis was performed to assess the amplification
of single specific product (Supporting Information Figure 3).
Primer amplification efficiency was determined prior to carrying
out qPCR analysis (Table 1). Since alternative splicing can pro-
duce transcripts with different stabilities, we designed primers
to recognise as many of the different BBS transcripts as possible
(Table 1).

‘�Ct’ is the difference in expression of a gene of interest (Bbs
genes) and the reference gene, namely Gapdh. ‘1/�Ct’ termed
as ‘expression factor’ was used to show the relative gene expres-
sion across tissues. The expression factor (mean of 1/�Ct values)
was used to make the pie charts. The expression factors of BB-
Some mRNAs (Bbs1, Bbs2, Bbs4, Bbs5, Bbs7, Bbs8, Bbs9 and
Bbs18) in different organs were normalised to either brain or
heart. The sum of normalised values of all BBSome components
in each organ was set as 100%. The percentage expression of in-
dividual Bbs gene was calculated and represented as a pie chart.
Similarly, all three chaperonin-like gene expression percentages
(Bbs6, Bbs10 and Bbs12) are plotted as pie charts.

Statistical Analysis
Statistical differences between multiple groups were assessed us-
ing ANOVA followed by Dunnett’s multiple comparison test
(GraphPad Prism 6.0, GraphPad Software, San Diego, CA). Er-
ror bars represent the mean ± standard deviation. Results are
considered statistically significant if *p < 0.05.
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