
  

 

Aus der Medizinische Klinik mit Schwerpunkt Nephrologie und 

Internistische Intensivmedizin 

der Medizinischen Fakultät Charité – Universitätsmedizin Berlin 

 

 

DISSERTATION 

 
The role of Centrosomal protein 83 (CEP83) in kidney progenitor 
differentiation from human induced pluripotent stem cells (hiPSCs) 

 
Die Rolle des zentrosomalen Proteins 83 (CEP83) bei der 
Differenzierung von Nierenvorläuferzellen aus menschlichen 
induzierten pluripotenten Stammzellen (hiPSCs) 

 

zur Erlangung des akademischen Grades  

Doctor rerum medicinalium  

(Dr. rer. medic.) 
  

vorgelegt der Medizinischen Fakultät Charité – Universitätsmedizin Berlin 
 

 

von  

 

Fatma Ahmed Ahmed Sayed Mansour 

Kairo/Ägypten 

 

 

Datum der Promotion: 30.11.2023 



 

  

Table of contents 

List of abbreviations ...................................................................................................... i 

List of figures ................................................................................................................ iii 

List of tables ...................................................................................................................iv 

Abstract (English)…………………………………………………………….………………….1 
Abstract (German) ............................................................................................................2 
 
1. Introduction ................................................................................................................ 3 

1.1. Structure and composition of the primary cilium ................................................... 3 

1.2. Assembly of the distal appendges protins  (DAPs) at the ciliary base .................. 3 

1.3. Functional role of ciliary proteins in embryo and kidney development .................. 4 

1.4. Differentiation of Human induced pluripotent stem cells into kidney  organoids .... 5 

1.5. Aim of the Study .................................................................................................... 5 

2. Methods ...................................................................................................................... 6 

2.1. Human induced pluripotent stem (hiPSCs) cell line..………………………………...6 

2.2. CRISPR- cas9 technology to induce CEP83 knockout……………………………...6 

2.3. Testing edited genomic DNA from cultured cells for transfection efficiency………8 

2.4. Single cell picking, cloning, and testing  clones for biallelic mutations…………….8 

2.5. Differentiation of hiPSCs into kidney organoids………………………………………8 

 2.6. Molecular biology methods…………………………………………………………..10 

2.6.1. DNA isolation and Polymerase Chain Reaction (PCR)...............................10  

2.6.2. RNA extraction and mRNA Sequencing.....................................................10 

2.6.3. Quantitative polymerase chain reaction (qPCR). ...................................... 11 

2.6.4. Single cell- RNA sequencing..................................................................... 12 

2.7. Protein isolation from hiPSCs and immunoblotting ……….……………………….13 

2.8. Histology ............................................................................................................. 14 

2.8.1. Fixation and Paraffin embedding of kidney organoids .............................. 14 

2.8.2. Hematoxylin and Eosin Staining (H&E) ..................................................... 14 

2.8.3. Immunofluorescence staining.....................................................................14 



 

  

  2.9. Statistics.................................................................................................................15 

3. Results ...................................................................................................................... 16 

3.1. Generation of CEP83-/-  hiPSCs clones. .............................................................. 16 

3.2. CEP83-/- hiPSCs failed to differentiate into kidney organoids. ............................. 17 

3.3. CEP83-/- differentiated cells and organoids show defective ciliogenesis. ............ 18 

3.4. CEP83-/- hiPSCs differentiated into intermediate mesoderm in a monolayer cell 

culture. ....................................................................................................................... 21 

3.5. Single cell RNA (scRNA) sequencing analysis reveals clustering between KO cells 

and WT cells. ............................................................................................................. 21 

3.6. CEP83-/- differentiated cells downregulate marker genes of the nascent nephron in 

three clusters. ............................................................................................................ 23 

3.7. CEP83-/- cells upregulated marker genes of early lateral plate mesoderm (LPM) at 

day 7 and 25………………………………………………………………………………….23 

3.8. CEP83-/- organoids upregulated cardiovascular progenitors’ marker genes at day 

25 of differentiation.………………………………………………………………………...24 

4. Discussion ............................................................................................................... 26 

4.1. Short summary of results .................................................................................... 26 

4.2. Interpretation of results ........................................................................................ 26 

4.3. Coclusion ............................................................................................................ 28 

5. Reference list ........................................................................................................... 29 

6. Statutory Declaration .............................................................................................. 45 

7. Declaration of your own contribution to the publications ................................... 46 

8. Excerpt from Journal Summary List ...................................................................... 47 

Printing copy of the publication ................................................................................. 48 

Curriculum Vitae  (My curriculum vitae does not appear in the electronic version of my 

paper for reasons of data protection)........................................................................................  
Publication list ............................................................................................................. 78 

Acknowledgments ....................................................................................................... 79 

 

 



 

i 

 

List of abbreviations 

°C Celsius degree 

µg Microgram 

µl Microliter 

BB basal body  

BIH Berlin institute of Health 

BP Biological process 

bp Base pair 

BSA Bovine serum albumin 

CAKUT Congenital anomalies of the kidney and urinary tract 

Cas9 CRISPR associated protein 9 

cDNA complementary DNA 

CEP164 centrosomal protein 164  

CEP83 Centrosomal protein 83  

CEP83-/- CEP83 knockout 

CEP89 centrosomal protein 89   

CRISPR Clustered regularly interspaced short palindromic repeats 

D Day 

DAPs distal appendages proteins  

DNA Deoxyribonucleic acid 

DPBS Dulbecco´s Phosphate buffered saline 

E Embryonic day 

E8 Essential 8 

EDTA Ethylenediaminetetraacetic acid 

ESRD End-Stage Renal Disease  

FBF1 fas binding factor 1  

h Hours 

hiPSCs Human induced pluripotent stem cells 

Hoxb7 Homeobox B7 

HVG Highly variable gene 

IFT25 Intraflagellar Transport 25 

IFT27 Intraflagellar Transport 27 



 

ii 

 

IM Intermediate mesoderm 

KIF14 Kinesin Family Member 14 

Kif3a Kinesin Family Member 3A 

Kif3b Kinesin Family Member 3B 

LPM Lateral plate mesoderm 

LRRC45 leucine-rich repeat-containing 45  

min Minutes 

ml Milliliter 

mRNA Messenger RNA  

NPHP Nephronophthisis 

PCR Polymerase chain reaction 

qPCR Real-time quantitative PCR 

RNA-seq mRNA sequencing 

rpm Rotation per minute 

RT Room temperature 

SCLT1 sodium channel and clathrin linker 1  

scRNA seq Single cell RNA sequencing 

SD Standard deviation 

SDS Sodium dodecyl sulfate 

sec Seconds 

TFs transition fibers 

TPM Transcripts per million 

TPMmax Maximum TPM across samples 

TZ transition zone 

UMAP Uniform Manifold Approximation and Projection for Dimension Re-

duction 

UMI Unique molecular identifier 

 

  



 

iii 

 

List of figures 

Figure 1: Primary cilium structure 4 

Figure 2: Experimental design of hiPSCs transfection with gRNAs 7 

Figure 3: The figure illustrates the experimental design of the two scRNA 
experiments on day 7 

12 

Figure 4: Generation of CEP83 mutated hiPSCs clones 16 

Figure 5: complete loss of CEP83 didn’t alter either the gene expression or 
expression of the pluripotency markers of hiPSCs 

17 

Figure 6: CEP83-/- hiPSCs differentiate into intermediate mesoderm (IM) 
cells, and failed to differentiate into kidney organoids 

18 

Figure 7: CEP83-/- organoids show a failure of renal epithelial cells on day 25 19 

Figure 8: CEP83 knockout in hiPSCs resulted in defective ciliogenesis at 
both days 7 and 25 of differentiation 

20 

Figure 9: CEP83 mutated cells show similar expression profiles to WT cells 
for UB and MM marker genes 

21 

Figure 10: Single cell RNA (scRNA) sequencing analysis reveals ten differ-
ent clusters at day 7 

22 

Figure 11: CEP83-/- cells showed a defect in the differentiation of kidney pro-
genitor at the early monolayer induction stage 

23 

Figure 12:  Differential expression analysis shows upregulated expression 
of early lateral plate mesoderm (LPM) genes in CEP83-/- cells 

24 

Figure 13: CEP83-/- cells upregulate expression of cardiomyocyte progeni-
tors at day 25 

25 

 

 

 

 



 

iv 

 

List of tables 

Table 1: List of designed crRNAs 6 

Table 2: Steps of the differentiation protocol 9 

Table 3: List of primers 11 

Table 4: List of primary antibodies used in immunoblotting 13 

Table 5: List of primary antibodies used in immunofluorescence staining 15 

 

 



 

1 

 

Abstract (English) 

Background: Centrosomal protein 83 (CEP83) is a component of the distal appendages 

proteins (DAPs) of centrioles, which is necessary for the assembly of primary cilia. 

Primary cilia play an essential role in early embryonic development, organ development, 

and tissue homeostasis. Loss of many ciliary proteins in mice models results in kidney 

agenesis, or embryonic lethality before kidney development. The kidney develops from 

human induced pluripotent stem cells (hiPSCs) in a stepwise process involving the 

induction of specialized nephron progenitors (NPs) in the intermediate mesoderm, then 

differentiation into kidney epithelia.  
Methods: Here, we used a hiPSCs derived system that models the induction of NPs 

followed by kidney epithelial differentiation to analyze the role of CEP83 in human kidney 

epithelial differentiation. We used CRISPR-cas9 technology to induce inactivating 

deletions of CEP83 in hiPSCs. Then, we differentiated the hiPSCs into NPs and kidney 

organoids. We used morphological analyses, gene expression studies, and 

immunostaining to analyze NPs and kidney epithelial differentiation.  
Results: CEP83-/- hiPSCs failed to differentiate into nephron epithelia compared with the 

WT hiPSCs, which successfully differentiated into kidney organoids containing 

differentiated nephron epithelia. In contrast, CEP83-/- differentiated cells and organoids 

upregulate regulatory genes of lateral plate mesoderm (LPM), including OSR1, FOXF1, 

FOXF2, and FENDRR. In addition, CEP83-/- organoids upregulate marker genes of 

cardiovascular progenitors including TBX1, and ISL1. The shifted differentiation of 

CEP83-/- hiPSCs was associated with defective ciliogenesis. 
Conclusion: In a human system modeling kidney epithelial differentiation from hiPSCs, 

our data provide new insight into the essential role of CEP83 in early NPs differentiation. 

That may help to better understand the pathogenesis of CEP83-associated renal 

developmental defects. 
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Abstract (German) 

Hintergrund: Das zentrosomale Protein 83 (CEP83) ist eine Komponente der distalen 

Anhängselproteine (DAPs) der Zentriolen, die für den Aufbau der primären Zilien 

notwendig sind. Primäre Zilien spielen eine wesentliche Rolle in der frühen 

Embryonalentwicklung, der Organentwicklung und der Gewebehomöostase. Der Verlust 

von Zilienproteinen in Mausmodellen führt zu Nierenagenesie oder embryonaler Letalität 

vor der Nierenentwicklung. Die Niere entwickelt sich aus humanen induzierten 

pluripotenten Stammzellen (hiPSCs) in einem schrittweisen Prozess, der die Induktion 

spezialisierter Nephronvorläuferzellen (NPs) im intermediären Mesoderm und die 

anschließende Differenzierung in Nierenepithelien umfasst.  

Methoden: Wir haben ein von hiPSCs abgeleitetes System verwendet, das die Induktion 

von NPs und die anschließende Differenzierung zu Nierenepithelien modelliert, um die 

Rolle von CEP83 bei der epithelialen Differenzierung der menschlichen Niere zu 

analysieren. Mit der CRISPR-Cas9-Technologie wurden inaktivierende Deletionen von 

CEP83 in hiPSCs induziert (CEP83-/-). Anschließend wurden die CEP83-/- und Wildtyp 

(WT) hiPSCs in NPs und Nierenorganoide differenziert. Mit Hilfe von morphologischen 

Analysen, Genexpressionsstudien und Immunfärbung wurde die Differenzierung von NPs 

und Nierenepithelien analysiert.  

Ergebnisse: CEP83-/- hiPSCs, anders als WT hiPSCs, konnten sich nicht erfolgreich in 

Nierenorganoide mit differenzierten Nephronepithelien differenzieren. CEP83-/- Zellen 

und Organoide zeigten eine erhöhte Expression von regulatorischen Genen des lateralen 

Plattenmesoderms, einschließlich OSR1, FOXF1, FOXF2 und FENDRR. Darüber hinaus 

wurden CEP83-/- Organoiden Markergene für kardiovaskuläre Vorläufer hochreguliert 

(TBX1 und ISL1). Die veränderte Differenzierung von CEP83-/-  hiPSCs war mit einer 

gestörten Ziliengenese verbunden. 

Schlussfolgerung: Unsere Daten liefern neue Erkenntnisse über die wesentliche Rolle 

von CEP83 bei der frühen Differenzierung von NPs. Dies könnte dazu beitragen, die 

Pathogenese von CEP83-assoziierten Nierenentwicklungsstörungen besser zu 

verstehen. 
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1. Introduction 

Primary cilia are microscopic sensory antennae projecting from most mammalian 

cells that play an essential role in organ development and tissue homeostasis by regulat-

ing several signaling pathways1-12. Disruption in primary cilium assembly or function re-

sults in a group of disorders known as ciliopathies, defined as genetically heterogeneous 

disorders associated with a wide range of phenotypes affecting most of the body organs. 

Renal ciliopathies include nephronophthisis (NPHP)13-16, renal cysts17,18, and impaired 

renal development19-26. Therefore, studying the functional role of newly identified ciliary 

proteins and their mechanistic role in renal ciliopathies may help to better understand 

renal pathophysiology and the onset of kidney disease. 

1.1. Structure and composition of the primary cilium 

There are two types of cilium: motile and immotile (primary cilium), the motile cilium 

is distributed in limited tissues such as the lungs, respiratory tract, middle ear, and em-

bryonic node, while the primary cilium is an immotile sensory finger-like organelle that 

projects from the surface of most mammalian cells. The primary cilium is composed of a 

cytoskeletal core termed axoneme that comprises nine outer pairs of microtubules and a 

central pair that controls motility (9 + 2 axoneme) in the motile cilium, and only 9 outer 

pairs of microtubules (9 + 0 axoneme) in the immotile cilium27-29. The base of the primary 

cilium is composed of the basal body (BB), the transition zone (TZ), and the Inversin 

compartment30-33, as shown in Fig. 1A. 

 

1.2. Assembly of the distal appendages proteins (DAPs) at the ciliary base 
The BB comprises important structures named the transition fibers (TFs) or distal 

appendages (DAPs) that link the mother centriole to the plasma membrane, and are com-

posed of a group of proteins called distal appendages proteins. To date, six DAPs pro-

teins have been identified namely: centrosomal protein 83 (CEP83), sodium channel and 

clathrin linker 1 (SCLT1), centrosomal protein 164 (CEP164), centrosomal protein 89 

(CEP89), fas binding factor 1 (FBF1), and leucine-rich repeat-containing 45 

(LRRC45)27,34-36. DAPs proteins play an essential role in the initiation of ciliogenesis by 

docking the primary ciliary vesicle to the plasma membrane34,37. 
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Figure 1: Primary cilium structure. (A) A simplified diagram of the primary cilium demonstrates its basic 

structures. The ciliary base comprises three essential compartments namely: a basal body (BB) that is 

composed of a mother centriole that is connected to the daughter centriole via the centriole linker, a tran-

sition zone (TZ), and the inversin compartment. The BB harbors two structures, the subdistal appendages 

(sDAPs), and the distal appendages (DAPs) that were previously known as transition fibers (TFs). (B) High 

magnification of the DAPs at the ciliary base is shown in Figure 1B, as referred to by the non-continuous 

red line in Figure 1A. The diagram shows that the DAPs are arranged as DAP blades, and DAP matrix 

(DAM) 16. (C) The illustration shows that the DAPs are arranged in a hierarchical assembly at the base of 

the mother centriole (adapted from own publication: Mansour et al, 202137).  
 

Previous studies that used super-resolution microscope techniques showed that 

the DAPs proteins are organized in pinwheel-like structures28,35 (Fig. 1B), and the recruit-

ment of the DAPs at the base of the cilium occurs in a hierarchical sequence as shown 

in Fig. 1C. Mutations in genes encoding CEP8338, CEP16426,39,40, and SCLT118,41 pro-

teins have been associated with NPHP and cystic kidney disease18,38,41-43. NPHP is an 

autosomal recessive kidney disease that commonly leads to End-Stage Renal Disease 

(ESRD) in children and young adults. NPHP comprises three forms: infantile, juvenile, 

and adolescent with the onset of ESRD at 3, 13, and 19 years old, respectively15,17,44-53. 

 

1.3. Functional role of ciliary proteins in embryo and kidney development  

Mutations of Kif3a and Kif3b, major components of the kinesin-II ciliary antero-

grade motor, in mice23,25 resulted in early embryonic lethality with holoprosencephaly, an 
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edematous pericardial sac, cardiac looping defects, and a truncated posterior trunk at 

E9.5 and E10.5. Interestingly, the same phenotype has been recorded in global Cep164 

knockout mice26. Additionally, Kif3a mutant mesoderm has been associated with reduced 

nephron numbers23,24. Moreover, biallelic loss of function mutation of Kinesin-like protein 

14 (KIF14), a key regulator protein of cilia formation, resulted in bilateral renal agenesis 

in human and zebrafish19,20. Similarly, mutations in genes that encode the ciliary intrafla-

gellar transport proteins including intraflagellar transport protein 25 (IFT25) and intrafla-

gellar transport protein 27 (IFT27) in mice have been previously associated with renal 

agenesis or renal hypoplasia21,22. 

1.4. Differentiation of Human induced pluripotent stem cells into kidney organ-
oids 

In the last few years, several studies were interested in differentiating induced pluripo-

tent stem cells (iPSCs) into kidney organoids in vivo54-59. The engineering of such a cel-

lular model of kidney cells could be applied to studies of kidney development and dis-

ease modeling studies of many genetic disorders. Interestingly, Takasato et al., 2015 
established a protocol that could successfully differentiate human induced pluripotent 

stem cells (hiPSCs) into most nephron epithelial cells57. 

1.5    Aim of the study 

Genome editing studies have used the advantage of in vivo induction of kidney 

organoids from stem cells to study congenital renal disease58,60-64. In our research, we 

were interested in generating genetically modified hiPSCs that lack the CEP83 protein 

using CRISPR-cas9 technology. Then we differentiated the CEP83-/- hiPSCs into nephron 

progenitors followed by kidney organoids to understand the functional role of CEP83 in 

the differentiation of the early nephron progenitors and kidney development. Phenotypical 

characterization of the structural, molecular, and functional defects in the designed 

CEP83 deficient cellular model provides novel findings on the functional role of CEP83 

protein in nephron progenitor’s differentiation from hiPSCs and in kidney development.
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2. Methods 

2.1. Human induced pluripotent cells (hiPSCs) Cell line 
The BIHi005-A hiPSCs line was used to generate CEP83 mutated hiPSCs, the cell line 

was provided by the stem cell facility at Max Delbruck center for molecular biology (MDC) 

and produced by the Berlin Institute of Health (BIH). Further information about the cell 

line is available at https://hpscreg.eu/cell-line/BIHi005-A. 

2.2. Generation of CEP83 knockout clones using CRISPR- CAS9 Technology: 

We used the advance of the Clustered Regularly Interspaced Short Palindromic 

Repeats (CRISPR) technology to generate CEP83 knockout hiPSCs clones. The 

CRISPOR web tool (http://crispor.tefor.net/, V 4.97)65 was used to design two highly spe-

cific (specificity score more than 80) crispr RNA (crRNA), that are targeting exon 7 (Table 
1). Homo sapiens was used as the reference genome and 5'-NGG-3' as the protospacer 

adjacent motif (PAM). 

Table 1: List of designed crRNAs: 

CEP83 (EXON 7) Sequence-PAM sequence Specificity Score   

crRNA1/ 155 FW GGCTGAAGTAGCGGAATTAA-AGG 88 

crRNA2/218 FW AAGAATACAGGTGCGGCAGT-TGG 88 

2 nmol crRNA were dissolved in 20 µl of 1X IDTE buffer (11-04-02-01, IDT) to 

obtain a stock concentration of 100 µM (150 pmol/µl). Equimolar volumes of crRNA and 

tracrRNA (1072532, IDT) were annealed to form two guide RNAs (gRNAs) with cycling 

conditions: (95°C- 5 min, 70°C- 10 min, 45°C- 5 min, and 4°C- ∞). The gRNAs were di-

luted with IDTE buffer to 20 µM and kept on ice. Cas9 protein (Alt-R® S.p. Cas9 Nuclease 

V3, 1081058, IDT) was diluted to a working concentration of 1 µg/µl. 1 µl of each gRNA 

was mixed with 0.5µl Cas9 protein and incubated at RT for 1 h to generate RNP com-
plexes (Fig. 2).  Cultured hiPSCs on matrigel (354277, Corning®) in Essential 8 medium 

(E8, A1517001, Thermo Fisher Scientific) supplemented with ROCK inhibitor (Rocki, Y-

27632), were split one day before by accumax (07921, Stem Cell Technologies), and 

cultured in an equal proportion of E8 medium and StemFlex medium (A3349401, Thermo 

Fisher Scientific). 

https://hpscreg.eu/cell-line/BIHi005-A
http://crispor.tefor.net/
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Before the transfection, the cells with a density of 40–50% were dissociated again 

by accumax. Then cells were collected, and resuspended in buffer R, a resuspension 

buffer from the Neon™ transfection 100 μl kit (MPK10096, Invitrogen)66. After that,  cells 

were transfected in 3 ml of buffer E, Electrolytic buffer using a Neon transfection system 

(Invitrogen), the Neon transfection 10µl tip, voltage (1200 V), width (30 ms), and pulse 

(1). The transfection step was performed by Narasimha Swamy Telugu. Finally, the trans-

fected cells were seeded for 48 hours in StemFlex medium with Rocki, with daily medium 

change. 

Figure 2: Experimental design of hiPSCs transfection with gRNAs. 
(A) Annealing of two crRNAs and tracrRNA to form gRNAs. tracrRNA carries a complementary sequence 

to the crRNA. (B) hiPSCs were dissociated with accumax, and 2x tubes of hiPSCs were prepared for trans-

fection. (C) Cas9 protein and gRNAs were incubated at room temperature for 1 h to form RNP complexes. 

(D) The prepared suspension of cells was transfected with RNP complexes using a nucleotransfection 

system. Then, cells were seeded in a 6-well plate for 48 h. 
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2.3. Testing edited genomic DNA for transfection efficiency 

Quick DNA extraction and PCR were done using the Phire™ Tissue Direct PCR 

Master Mix (F-140WH, Thermo Scientific, Waltham, MA, USA) according to the manufac-

turer's instructions to test transfection efficiency. Primers were designed using the Pri-

mer3 webtool (V. 0.4.0, SourceForge, USA, Table 3), ordered from BioTeZ (Berlin, Ger-

many) as 100 µM stock solutions, and diluted to 10 µM in nuclease-free H2O (AM9937, 

Thermo Fisher Scientific) and stored at -20°C. The used PCR mix included 10 µl Buffer, 

7.8 µl H2O, 0.4 µl Primer forward, 0.4 µl Primer reverse, 0.4 µl Polymerase, and 1 µl 

genomic DNA, and was subjected to the following PCR cycling conditions: 98°C- 5 min, 

for 35 cycles (98°C- 5 sec, 63.5°C- 30 sec, 72°C- 1 min), 72°C- 10 min, and 4°C- ∞. The 

size of the produced PCR product was checked on a 1.5% agarose gel (9012-36-6, Carl 

Roth GmbH, Karlsruhe, Germany). After confirming the success of the transfection, the 

cells were dissociated and seeded at three different low densities of 10, 25, and 50 x 103 

cells per well for 24 h.  

 

2.4. Single cell picking, cloning, and selection of biallelic mutated clones. 
Under a picking hood S1, we picked twenty-four single cells, that were cultured in 

StemFlex medium for two weeks. Then, DNA extract from the cultured clones was tested 

for CEP83 mutation using Phire™ Tissue Direct PCR Master Mix67. Clones that showed 

biallelic mutation for CEP83, were expanded in culture and frozen in a bambanker me-

dium (BB01, Nippon Genetics) for further characterization.  
 

2.5. Differentiation of hiPSCs into kidney organoids 
Following the Takasato protocol, cultured hiPSCs with 70-80% density 

were trypsinized using 1X Trypl E Select (12563011, Thermo Fisher Scientific). 

The collected cells were seeded on a matrigel-coated 6-well plate with a densi-

ty of 15 × 103 cells per cm2. Then, cells were cultured in E8 medium supple-

mented with 10µM ROCKi, and incubated at 37 °C CO2 incubator for 48 h. The 

cells were supplied daily with a fresh medium, till reached 40–50% confluence 

after two days. Then, cells were differentiated using the differentiation medium, 

APEL2 medium (05270, Stem Cell Technologies). The differentiation medium 
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was previously prepared by adding 5% Protein Free Hybridoma Medium II 

(12040077, Thermo Fisher Scientific), and antibiotic–antimycotic (15240-062, 

Thermo Fisher Scientific). The cells were cultured for 7 days to induce inter-

mediate mesoderm (IM) differentiation67, as summarized in Table (2). 

The cells were washed at the end of day 7, with 1X DPBS, trypsinized with trypsin 

EDTA 0.05% (25300-062, Thermo Fisher Scientific), and incubated at 37°C for 3 min. To 

neutralize the trypsin, 9 ml of MEF culture medium (AR005, R& D) was added to the 

dissociated cells. The cells were seeded by centrifugation and, finally resuspended in 1 

ml APEL2 medium. Then, to prepare the organoids, the total number of the cells was 

counted and divided to reach 1×106 cells per organoid. Finally, we picked up each cell 

pellet by a wide-bore tip (P1,000 or P200). We carefully seeded the cell pellet onto the 

polyester membrane of the transwell cell culture 6- well plate (CLS3450-24EA, Sigma 

Aldrich) with minimal medium carryover67. The supplied medium is described in table 2. 

Table 2: Steps of the differentiation protocol  

2.6. Molecular Biology Methods 
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2.6.1. DNA isolation and Polymerase Chain Reaction (PCR) 

The cultured WT and KO hiPSCs clones were washed and collected with a maxi-

mum of 5x106 cells/ml. The DNA was extracted using DNeasy Blood & Tissue Kits (Qi-

agen, 69504) following the manufacturer's instructions. The concentrations and quality of 

the extracted DNA were measured using Nanodrop (Thermo Scientific, Waltham, MA, 

USA). We used the Phusion high-fidelity DNA polymerase (M0530, Biolabs, New Eng-

land) to amplify 200 µg DNA by PCR67.   

The used master mix is 4 µl Phusion 5x buffer, 0.4 µl Dntps10Mm, 12.4 µl H2O, 1 µl 

Primer forward, 1 µl Primer reverse, 0.2 µl Polymerase, and 1 µl genomic DNA. The PCR 

cycling conditions: (98°C- 30 sec, for 35 cycles (98°C- 10 sec, 63.5°C- 30 sec, 72°C- 1 

min), 70°C- 10 min, and hold at 4°C- ∞). 

The PCR results were checked on a 1.5% agarose gel and analyzed using a Bio-

Doc Analyze dark hood and software system (Biometra, Göttingen, Germany).  

2.6.2. RNA extraction and mRNA sequencing 

At three time points of differentiation (D0, D7, and D25), the total RNA was isolated 

from a maximum of 1x107 cells from both WT and KO clones, following the manufacturer’s 

instructions of RNAasy Mini Kit (74104, Qiagen, Hilden, Germany) following the manu-

facturer’s instructions. During the extraction, the RNA was treated with RNase-free 

DNase I (79254, Qiagen, Hilden, Germany) at RT for 15 min. Then, we measured the 

concentration, integrity, and quality of the extracted RNA using a Nanodrop, an Ag-

ilent 2100 Bioanalyzer, and the Agilent RNA 6000 Nano kit (5067-1511, Agilent Technol-

ogies, Santa Clara, CA, USA). For RNA sequencing, the extracted RNA with high purity 

(OD260/280 = 1.8-2.2 and OD260/230 ≥ 1.8) and high integrity (more than 6.8) was pre-

pared for submission to sequencing by Novogene  (Cambridge, United Kingdom)68.  

Raw data were transformed into sequenced reads and recorded in FASTQ files by 

Christian Hinze68. He aligned the FASTQ files to build 19 of the human genome provided 

by the Genome Reference Consortium (GRCh19) using the TOPHAT2 aligner tool67,68. 

The featureCounts were used to obtain the raw counts69. The Integrative Genomic Viewer 

(IGV, V 2.3.68, Broad Institute, USA) tool was used to visualize the mutation of CEP83 in 

the KO sequencing data70. Then, we performed normalization of the sequence reads to 
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the sequence length, to calculate the transcripts per million (TPM) values that were used 

for gene expression analysis67,68,71. 

2.6.3. Quantitative polymerase chain reaction (qPCR) 

Using the RevertAid First Strand cDNA synthesis kit (K1622, Thermo Scientific, 

Waltham, MA, USA), 500 ng of the extracted RNA was reverse transcribed to cDNA. 1 

µL of synthesized cDNA was used for qPCR using FastStart Universal SYBR Green Mas-

ter (ROX,4913914001, Roche Diagnostics, Mannheim, Germany) according to the man-

ufacturer’s instructions. Relative mRNA expression measures of the target genes at each 

time point of the differentiation (D0, D7, and D25) were normalized to the mRNA expres-

sion level of Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) gene. Then we 

used the ΔΔCt method for expression analysis. Primer 3 was used to design all primer 

pairs (Table 3). 

Table 3: List of primers. 

2.6.4. Single cell RNA (scRNA) experiment. 

On day 7 of the differentiation of hiPSCs to intermediate mesodermal, the cells 

were collected from two experiments: The first experiment (WT1 and KO1), and the sec-

ond experiment (WT2 and KO2) cells as illustrated in (Fig. 3). The collected cells were 

washed with 1x DPBS, then were dissociated with Accumax. After that, cells were filtered 

through a 40 µm filter, and counted to reach 10,000 cells per sample. Finally, cells were 

stained by Trypan blue (T10282, Thermo Fisher Scientific) to check for viability.  
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Bead-in-Emulsion (GEM) generation, cDNA synthesis, and library preparation 

were performed according to the 10x Genomics single cell protocol using 10X Genomics 

toolkit version v3.1 (1000121, Pleasanton, CA)72, Chromium Next GEM Chip G 

(1000120), and 10X Genomics Chromium Controller. The quality of the generated cDNA 

and library was tested using the Agilent 4200 TapeStation system. Generated libraries 

were sequenced on Illumina HiSeq 4000 sequencers (paired-end, ~10,000 reads/nu-

cleus). Sequencing was performed by the Genomics Facility (Berlin Institute for Medical 

Systems Biology (BIMSB), Berlin, Germany).  

Figure 3: The figure illustrates the experimental design of the two scRNA experiments on day 7. 

A gene expression matrix from a pair of FASTQ files was produced for each sam-

ple by Christian Hinze and analyzed using Cellranger version 3.0.2. Reads were aligned 

to the GRCh38 reference genome67,68. Gene expression matrices were subjected to fur-

ther analysis to perform quality control analysis, cell clustering, cell type sorting, and dif-

ferential gene expression using the Seurat R package (version 3)73. Cells derived from 

each sample were filtered separately using a lower cutoff of gene number (nGene) equal 

to 500 and an upper cutoff nGene is 6000. 

Then, log normalization and scaling of the filtered data were performed in R (R 

Foundation for Statistical Computing Platform, 4.0.4), followed by the merging of the data 

from the four samples into one merged Seurat object. Clustering was performed based 

on highly variable genes (HVGs). Unique molecular identifiers (UMIs) plots were gener-

ated. Then, the first 20 principle components were used to perform a principal component 

analysis (PCA), using the factoextra, FactoMineR, and ggplot2 libraries. Marker gene lists 

that differentiate between clusters were extracted using the Seurat FindAllMarkers func-

tion with a log fold change threshold ±0.25. Only positive marker genes that expressed in 

at least 25 % of cells were used to identify different cell types. 
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2.7. Protein Isolation from hiPSCs and immunoblotting 

The protein was extracted from both WT and KO hiPSCs to test the expression of 

the CEP83 protein. Up to 1*106 cells per sample were firstly washed with cold 1x DPBS, 

then the washed cells were centrifuged for 5 min at 300 g. The cell pellets were sus-

pended in ice-cold 100 µl of radioimmunoprecipitation assay (RIPA) buffer (R0278, 

Sigma-Aldrich) buffer, that was premixed with Proteinase Inhibitor (11697498001, Hoff-

mann-La Roche, Basel, Switzerland). The cell suspensions were kept with constant agi-

tation at 4°C for 30 min, and were centrifuged for 20 min at 12,000 rpm at 4°C. After 

centrifugation, the supernatant was transferred to a new tube. Then, we used the Bicin-

choninic acid protein assay (BCA, 23225, Thermo Scientific, Waltham, MA, USA) for pro-

tein quantification.  

30 µg of the protein were used for immunoblotting, and were mixed with the same 

amount of the reducing 10% β-mercaptoethanol (24896800, Sigma-Aldrich, Saint Louis, 

MO, USA). Then, the protein mixture was denatured at 70°C for 10 min. after denatura-

tion, the protein was loaded on a precast polyacrylamide NuPage 4-12% Bis-Tris protein 

gel (Invitrogen, Carlsbad, CA, USA). The protein electrophoresis was done in 1x MOPS 

using the XCell SureLock® Mini-Cell using 100V, 200mA for 2 h67,74.  

Proteins were blotted on Immobilon-P Polyvinylidene difluoride (PVDF) membrane 

with 0.45 µm pore size. The PVDF was pre-activated in methanol for 20 sec, and was 

equilibrated in 1X NuPage Transfer buffer (1.25 mM bicine, 1.25 mM BisTris, 0.05 mM 

EDTA, and 10% ethanol) for 30 min at RT. The blotting was performed in 1X NuPage 

Transfer buffer using the XCell II™ Blot Module. The membrane was blocked in 5% BSA 

(T844.2, Carl Roth GmbH, Karlsruhe, Germany) in 1X TBS-T pH 7.6 (50 mM TrisBase, 

150 Mm NaCl, 0.05% Tween-20 (1662404, Bio-Rad)) for 1 h at RT. After the blocking, 

the membrane was incubated with the primary antibodies  (Table 4) at 4°C overnight: 

Table 4: List of primary antibodies used in immunoblotting. 

Then, the membrane was incubated with horseradish peroxidase (HRP)-conju-

gated secondary antibodies (1:2000 dilution) for 1 h at RT. After that, the protein was 



Methods  

14 

 

detected using Chemiluminescent reagent (34076, Thermo Scientific, Waltham, MA, 

USA). Finally, the spectraTM Multicolor Broad Range Protein Ladder (26623, Thermo Sci-

entific, Waltham, MA, USA) was used to evaluate the corresponding protein bands' mo-

lecular weight. 

2.8. Histology 

2.8.1. Fixation and Paraffin embedding of kidney organoids 

The organoids were washed in cold1X DPBS, and fixed in BD cytofix (554655, BD 

Biosciences, Franklin Lakes, USA) on ice for 1 hour. After fixation, organoids were dehy-

drated in a gradually increased concentration of ethanol (E7023, Millipore Sigma) as fol-

lows: 70%, 90%, 100%, and 100 %, each 15 min. Then, toluol was used for clearing the 

organoids for three turns, each 20 min. Cleared organoids were infiltrated with melted 

paraffin (CN48.2, Carl Roth GmbH, Karlsruhe, Germany) at 65°C, three changes, each 

30 min. Then, organoids were embedded in paraffin blocks, which were processed into a 

HM 355S microtome to obtain 3.5 µm-thick sections.  

2.8.2. Hematoxylin and Eosin staining (H&E) 

Sections were incubated at 62 °C for 15 min, then were dried for 30 min at RT. 

After drying, the sections were cleared with xylol (9713.3, Carl Roth, Karlsruhe, Germany) 

twice each 2 min then the sections were dehydrated in decreasing concentrations of eth-

anol as follows: 100 %, 96 %, 80 %, and 70 %, each twice for 2 min. Then sections were 

washed twice with distilled water, and were stained as follows: 1x 3 min Hematoxylin, 1x 

3 min H2O tap water, 1x 2 min Eosin (1 % in ddH2O, 3137.2, Sigma-Aldrich, Saint Louis, 

MO, USA), and 1x 5 min ddH2O. Then, the sections were dehydrated using increasing 

EtOH concentrations (96 % and 2x 100 %, 2 min each) and xylol, were mounted with 

Kaiser´s glycerol gelatin-based mounting medium (03989, Sigma-Aldrich, USA), and an-

alyzed using a bright field microscope. 

2.8.3. Immunofluorescence staining 

The cultured cells on the glass slides (day 7 differentiated cells) and the growing 

organoids on the polyester membrane of the transwell cell culture 6- well plate (day 25) 

were fixed for 10 minutes on ice in BD Cytofix buffer. Then, the cells and the organoids 
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were washed using BD Perm/Wash (554723, BD Biosciences, USA) twice, 15 min each. 

Then, cells and organoids were blocked for 2 h at RT in a preprepared blocking solution 

(1% BSA + 0.3% triton-X-100 (3051.3, Carl Roth, Karlsruhe, Germany) in 1X DPBS). After 

blocking, cells and organoids were incubated with primary antibodies (Table 5) overnight 

at 4°C.  

Table 5: List of primary antibodies used in immunofluorescence staining. 

After that, cells were washed in 1X DPBS twice (10 min each). The washed cells 

were incubated with fluorescence-labeled secondary antibodies overnight at 4°C. The 

secondary antibodies include Cy3, Cy5, Alexa488, and Alexa647 (dilution of 1:500, Jack-

son ImmunoResearch, Newmarket, UK), and Cy3 Streptavidin (dilution of 1:500, Vector 

lab, Burlingame, USA). Then,  nuclear staining was performed using DAPI (D1306, Invi-

trogen, Carlsbad, CA, USA), diluted 1:300000, for 1 h at RT. Finally, Dako fluorescent 

mounting medium (K3461, Dako, Carpinteria, CA, USA) was used to mount the slides. 

Then, the slides were examined and imaged using a SP8 confocal microscope (Carl Zeiss 

GmbH, Germany). Then, the taken images were processed in ImageJ software (V-1.48; 

National Institutes of Health, Bethesda, MD) for quantitative analysis. 

2.9. Statistics  

All differentiation experiments were performed using three clones per group. Molecular 

and histological characterization experiments were performed using three biological rep-

licates per group. Bulk RNA sequencing experiments were done using three biological 

replicates per group at each time point of the differentiation, while the scRNA-seq was 

only performed on two biological replicates per group. The experiment analysis was done 

using the unpaired 2-tailed t-test to compare between WT and KO groups. We used 

GraphPad Prism 7.04 (GraphPad Software, San Diego, CA) for the generation of graphs 

comparing the two groups, and data are presented as mean ± SD. 
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3. Results 

3.1. Generation of CEP83-/- hiPSCs clones  
 We used CRISPR Cas9 technology to induce deletion of the CEP83 gene in hiP-

SCs. Three KO clones carried different deletions in exon 7. These deletions resulted in 

an induction of a premature stop codon in both alleles (KO1) or one allele (KO2, and 

KO3), or frameshift mutation in one allele (KO2, and KO3), associated with complete loss 

of CEP83 protein (Fig. Fig.4 A- F). 

 

 

 

 

 

 

 Figure 4: Generation of CEP83 mutated hiPSCs clones. (A) PCR on the WT and transfected (with 

gRNAs) hiPSCs showed two different-sized PCR products on agar gel. The first product is 180 bp as ex-

pected by the designed primer pair for CEP83 detection. While, the other product is around 120 bp pair as 

expected by the designed CRISPR- cas9 approach, indicating the success of mutation induction. Then, 

twenty-four KO clones were picked and grown for two weeks, after that the clones were tested for mutation 
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induction by PCR. (B) PCR showed that three clones (KO1, KO2, and KO3) showed one DNA product, 

which was sized around 120 bp ( the mutated DNA product). (C) q RT-PCR showed significantly downreg-

ulated expression of CEP83 in the mutated hiPSCs. (D) Immunoblotting shows a complete loss of CEP83 

protein which is 83 KD in the KO clones compared with the WT clones. (F) Bulk RNA sequencing was done 

on three WT clones and three KO clones, the mutation was visualized using IGV, and reads of each clone 

were used to characterize the type of mutation, the newly edited mRNA sequence, and the expected amino 

acid sequence of CEP83 protein. Data are mean ± SD.*P < 0.05. 

Pluripotency marker genes and gene expression analyses between the WT and 

KO hiPSCs clones indicated similar gene expression profiles (Fig. 5).  

 

 

 

 

 

 

 

Figure 5: complete loss of CEP83 didn’t alter either the gene expression or expression of the plu-
ripotency markers of hiPSCs. The KO hiPSCs showed non-altered expression of the pluripotency mark-

ers compared with the WT hiPSCs using qRT- PCR. Data are mean ± SD. ns, not significant. Figures 5 

A-D are adapted from Mansour et al., 202267. 

3.2. CEP83-/- hiPSCs failed to differentiate into kidney organoids 

To assess the functional role of CEP83 on the differentiation of the kidney progen-

itors and renal epithelial cells, a two-step manner protocol was used to differentiate both 

WT and CEP83-/-  hiPSCs (Table 2) towards kidney organoids57. The first step is to differ-

entiate hiPSCs (Fig. 6A) into intermediate mesoderm (IM) cells for seven days in a mon-

olayer culture. IM cells give rise to two main kidney progenitors: metanephric mesen-

chyme (MM) and ureteric bud (UB)57,75-80. The MM differentiates into glomeruli, proximal 

and distal tubules epithelial cells, while UB gives rise to collecting duct (CD) epithelial 

cells81. The second step is to differentiate the IM cells into kidney organoids in 3D culture 

for 18 days. On day 7, the differentiated CEP83-/- and WT cells showed the same mor-

phology in culture (Fig. 6B). However, on day 25, the WT organoids exhibited a well-
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organized convoluted structure under a bright field microscope, while CEP83-/- organoids 

showed no unique structures (Fig. 6C).  

Figure 6: CEP83-/- hiPSCs differentiate into intermediate mesoderm (IM) cells, and failed to differen-
tiate into kidney organoids. (A) However, hiPSCs didn’t show morphological alteration on both day 0 

(hiPSCs stage), and (B) day 7 (intermediate mesodermal cells) of the differentiation. (C) On day 25, the 

WT organoids showed convoluted structures in almost organoids while the KO organoids showed non-

specific structures and instead appeared as homogenous growing cells (C). Bar = 50 μm. 

Hematoxylin and eosin (HE) staining of the WT organoid sections displayed well-

organized structures, while the CEP83-/- organoids didn’t show any defined structures 

(Fig. 7A and 7B). Immunostaining for some renal epithelial markers, including NPHS1, 

LTL, and CDH1 showed positive staining in the WT organoids and negative staining in 

the KO organoids (Fig. 7C and 7D). Bulk RNA sequencing of the CEP83-/- and WT or-

ganoids confirmed that the CEP83 deficient cells are unable to differentiate into renal 

epithelial cells (Fig. 7 E-I). 

3.3. CEP83-/- differentiated cells show defective ciliogenesis.  

Previous studies have shown that CEP83 loss resulted in a complete loss of cilium 

in Retinal pigmented (RPE) cells34,82, and the renal tubule epithelial cells38. In our study, 

we stained the differentiated cells at day 7 (IM cells) and day 25 (organoids) for acetylated 

tubulin to investigate the functional role of CEP83 protein loss on primary cilium assembly 

(Fig. 8A, and B). The CEP83-/- cells and organoids showed downregulation in the number 
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of ciliated cells compared to the WT cells and organoids (Fig. 8C, and E). Additionally, 

measuring the ciliary length showed that KO cells and organoids showed longer cilium 

than the WT cells and organoids (Fig. 8D, and F).  

 

 

 

 

Figure 7: CEP83-/- organoids show a failure of renal epithelial cells on day 25. (A) Histological staining 

of the cross sections of the WT organoids at day 25 using hematoxylin and eosin stain showed two different 

structures. The first structure is a round-to-oval structure with a nuclear arrangement on the periphery and 

a central lumen-like structure (referred to by the yellow arrows) while the other structure is a compact round-

to-oval structure with a multinuclear structure in the center (referred by red arrows). Immunofluorescence 
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staining of both WT and KO organoids for the podocyte marker; NPHS1, proximal tubule stain; LTL, and 

the distal tubule marker; CDH1 was performed. (C) The WT organoids showed positive staining for the 

three markers, indicating the successful differentiation of the WT hiPSCs toward renal epithelial cells. (D) 

While the KO organoids showed negative staining for the three markers, indicating the failure of the mutated 

cells to differentiate into renal epithelial cells. Bulk RNA sequencing analysis show downregulated expres-

sion of renal epithelial markers in CEP83-/- organoids, (E) including WT1, NPHS1, PODXL, and PTPRO for 

podocytes, (F) HNF1B and LRP2 for proximal tubule epithelial and precursor cells, (G) EPCAM, EMX2, 

MAL2, and CDH1 for distal tubule epithelial cells, (H) PAX2 and CLDN7 for collecting duct cells, and (I) 

PAX8, WNT4, IRX2, and POU3F3 for nephron progenitor cells (E). Bar = 50 μm. n = 3 clones per group. 

Data are mean ± SD. *P < 0.05, **P < 0.01, and ****P < 0.0001. 

Figure 8: CEP83 knockout in hiPSCs resulted in defective ciliogenesis at both days 7 and 25 of 
differentiation. WT and CEP83-/- differentiated cells at (A) day 7 and (B) day 25  were stained for acetylated 

tubulin (shown in green) to evaluate the functional role of CEP83 loss on primary cilium formation. As shown 

in A, and B, the mutated cells showed defective ciliogenesis in the number of the ciliated cells, in addition 

to longer cilium formation. (B)The defective ciliogenesis at day 25 in the KO organoids was associated with 

missing CEP83 protein (shown in red), which appeared to be localized at the base of the cilium in WT 
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organoids. The ciliated cells were quantitatively analyzed using image J for the number of the ciliated cells 

and ciliary length. The analysis showed a significant downregulated number of the ciliated cells in CEP83-

/-  cells at day 7 (C) and day 25 (E). additionally, the analysis revealed that the ciliated CEP83-/- cells form 

longer cilium (D) at day 7 and (F) at day 25. n = 3 clones per group. Data are mean ± SD. ****P < 0.0001. 

Panel A: Bar = 50 μm. 

3.4. CEP83-/- hiPSCs differentiated into Intermediate mesoderm in a monolayer 
cell culture. 

To understand the differentiation efficiency of hiPSCs into nephron progenitors, we 

measured the relative gene expression of UB marker genes including GATA383,84 and 

HOXB785,86, and the expression of MM marker genes, including HOXD1187,88 and 

EYA189,90 using qRT- PCR (Fig. 9A-D), and bulk RNA sequencing data (Fig. 9E-H).  

Figure 9: CEP83 mutated cells show similar expression profiles to WT cells for UB and MM marker 
genes. (A) Relative gene expression analysis shows that CEP83 mutated cells express intermediate mes-

oderm marker genes similarly to WT cells at day 7. This includes ureteric bud (UB) marker genes including 

GATA3 (A) and HOXB7 (B), and metanephric mesenchyme (MM) including HOXD11 (C) and EYA1 (D). 

Using the bulk RNA sequencing data, (E-H) the UB and MM marker genes were plotted across the different 

differentiation points (D0, D7, and D25), and showed no significant difference compared with the WT cells 

at day 7. n= 3 clones per group. Data are mean ± SD. *P < 0.05, and **P < 0.01. ns= not significant. 

3.5. Single cell RNA (scRNA) sequencing analysis reveals the clustering of KO 
cells and WT cells. 

Single-cell RNA (scRNA) sequencing analysis was performed on the differentiated 

cells on day 7 to exclude the nonspecific differentiation of hiPSCs. We clustered 27,328 
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cells derived from four samples WT1 (3,768 cells), WT2 (5,793 cells), KO1 (8,503 cells), 

and KO2 (9,264 cells), derived from two experiments as shown in Fig. 3. PCA of the WT 

samples and KO samples using the average expression of the top highly variable genes 

revealed that Dim 1 and Dim 2 contribute to the high percentage of variation 54% and 

31.3%, respectively. (Fig. 10A). Our clustering revealed ten different cell clusters (0- 9), 

some clusters are consistent with previous studies91,92 (Fig. 10B, and C). Interestingly, 

three clusters are identified as nascent nephron cells. To understand the defective differ-

entiation of the mutated cells into kidney organoids, we focused on the molecular changes 

of the nascent nephron clusters between the WT and the KO cells. 

Figure 10: Single cell RNA (scRNA) sequencing analysis reveals ten different clusters at day 7.  The 

experimental design of the scRNA sequencing was performed on four clones (WT1, WT2, KO1, and KO2) 

derived from two different experiments on day 7, as shown in Figure 3 (Methods section). (A) Principal 

component analysis (PCA) of WT and CEP83-/- cells was performed using the first 20 principle components 

(see methods section). Dimension 1 (Dim1) resembles 54 % of the expression differences and splits 

the KO samples from the WT samples. While Dimension 2 (Dim2) resembles 31.3 % of the ex-

pression differences and splits the two different experimental conditions (experiment 1 and ex-

periment 2). (B) UMAP derived from clustering of the four samples (WT1, WT2, KO1, and KO2) 

after integration in a Seurat object (as described in the methods section) reveals 10 clusters as 

annotated. (C) The dot plot shows the average expression of top-expressed genes that charac-

terize the individual clusters. The figure is adapted from Mansour et al.,202267. 
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3.6. CEP83-/- differentiated cells downregulate marker genes of the nascent neph-
ron in three clusters. 

The three nascent nephron clusters 1, 3, and 4 express nephron progenitors’ 

marker genes including PAX8, EYA1, and HOXB7. Interestingly, the cellular contribution 

to cluster 1 (Nascent nephron-1) is highly shared by the WT cells compared with the KO 

cells (Fig. 11A). However, the cell proportion of the WT cells is mildly increased compared 

to the KO cells in both clusters 3 and 4. Additionally, the KO cells of those clusters down-

regulated the expression of PAX8, EYA1, and HOXB7 genes compared to the WT cells 

(Fig. 11B). 

Figure 11: CEP83-/- cells showed a defect in the differentiation of kidney progenitor at the early 
monolayer induction stage. (A) The figure shows the different cell proportions between WT (WT1, WT2) 

and KO (KO1, KO2) groups in the three clusters that contain the nascent nephron cells (clusters 1, 3, and 

4). (B) Focusing on these three clusters, the average expression of the kidney progenitor gene PAX8, the 

UB marker gene HOXB7, and the MM marker gene EYA1 was plotted between the WT and KO cells, as 

shown in the violin plots. The plot shows that the KO cells significantly downregulate the expression of the 

three genes. N= 2 per group. *P < 0.05 and ****P < 0.0001. 

3.7. CEP83-/- cells upregulated marker genes of early lateral plate mesoderm. 

Differential expression analysis between WT and KO cells was performed using 

bulk RNA sequencing data on day 7, the analysis was done by selecting genes with TPM 

>2, fold change between WT and KO groups > 1.5 (up or down-regulated genes), and P-

value calculated on log10 TPM < 0.05. The analysis showed upregulation of many genes 

including OSR1, FOXF1, FOXF2, FENDRR, HAND1, HAND2, CXCL12, GATA5, and 

GATA6, these genes were expressed in early lateral plate mesoderm (LPM)93-117. Differ-

ential expression was confirmed by pseudobulk scRNA sequencing (Fig.12A-I). 



Results 

24 

 

3.8. CEP83-/- organoids upregulated cardiovascular progenitor marker genes at 
day 25 of differentiation. 

To assess the differentiation pattern of the CEP83-/- organoids at day 25, we in-

vestigated the upregulated genes in KO cells at day 25 for other LPM genes. We found 

that KO organoids upregulate markers genes of cardiac mesoderm, which is a derivative 

of the LPM, including ISL1, and TBX1118-125 (Fig. 13A and 13B). 
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Figure 12:  Differential expression analysis shows upregulated expression of early lateral plate mes-
oderm (LPM) genes in CEP83-/- cells. (A-I) Plots show the expression of LPM markers (A) Odd-skipped-

related 1 (OSR1), (B) the forkhead box F1 (FOXF1), (C) the forkhead box F2 (FOXF2), (D) The FOXF1 Ad-

jacent Noncoding Developmental Regulatory RNA (FENDRR), (E) Heart And Neural Crest Derivatives Ex-

pressed 1 (HAND1), (F) Heart And Neural Crest Derivatives Expressed 2 (HAND2), (G) C-X-C motif chem-

okine 12 (CXCL12), and the transcription factors (H) GATA5, and (I) GATA6 at different time points of the 

differentiation including day 0 (D0), day 7 (D7) and day 25 (D25). The data are shown by the bulk RNA-

sequencing (left panels) and by the single cell RNA sequencing (right panels) at day 7 (D7) between WT 

and CEP83-/- cells.  N = 3 clones per group for bulk RNA seq. N = 2 clones per group for scRNA-seq. 

Expression units are mean transcripts per million (TPM) ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P 

< 0.0001. ns= not significant. The figure is adapted from Mansour et al.,202267. 

Figure 13: CEP83-/- cells upregulate expression of cardiomyocyte progenitors at day 25.  (A-B) Ex-

pression of cardiomyocyte markers (A) ISL1, and (B) TBX1 at day 0 (D0), day 7 (D7), and day 25 (D25) 

according to bulk RNA-sequencing in WT and CEP83-/- cells.  N = 3 clones per group for bulk RNA seq. N 

= 2 clones per group for scRNA-seq. Expression units are mean transcripts per million (TPM) ± SD. *P < 

0.05. ns= not significant. The figure is adapted from Mansour et al.,202267. 
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4. Discussion 

4.1.  Summary of results 

Our study showed that CEP83 plays an essential role in hiPSC differentiation to-

wards intermediate mesoderm (IM) and kidney organoids. CEP83-/- differentiated IM cells 

downregulated specific nephron progenitor genes including PAX8, EYA1, and HOXB7. 

Instead, CEP83-/- cells upregulated early LPM genes including OSR1, FOXF1, FOXF2, 

FENDRR, HAND1, HAND2, CXCL12, GATA5, and GATA6. Similarly, CEP83-/- organoids 

failed to develop nephron structures, downregulated expression of different renal epithe-

lial cells marker genes, and massively upregulated LPM marker genes. Our findings indi-

cate a novel role for CEP83 in the differentiation of IM cells and kidney progenitors, and 

demonstrate that a loss of CEP83 results in the mis-differentiation of hiPSCs to LPM 

instead of IM, and thus leads to improper kidney development. 

4.2. Interpretation of results 

Our study provides new insights into the cellular and molecular functions of CEP83 

in kidney disease development. Different mutations in CEP83 in human patients have 

been associated with infantile nephronophthisis with end-stage renal disease (ESRD) at 

an average age of one to three years38,126,127. All of those mutations have been shown to 

preserve the function of the CEP83 protein either completely or partially. The only patient 

with a homozygous mutation of CEP83 and a complete loss of CEP83 protein exhibited 

severe phenotypes including triple X syndrome, facial dysmorphism, heart anomalies, 

and ESRD at 1 year old38. Future studies investigating additional mutations in CEP83 in 

humans are required to determine whether a complete loss of function of both CEP83 

alleles will result in defective mesodermal differentiation or renal agenesis.  

Consistent with our findings, global knockout mice of Cep83 display mid-embryonic 

lethality (at E12.5), and no homozygous mutants recovered at weaning. These mice dis-

played a range of early embryonic phenotypes at E 9.5, but kidney development in these 

mice has not been characterized (https://www.mousepheno-

type.org/data/genes/MGI:1924298). This phenotype reflects the defective differentiation 

https://www.mousephenotype.org/data/genes/MGI:1924298
https://www.mousephenotype.org/data/genes/MGI:1924298


 

27 

 

of the early mesodermal germ layers in Cep83 knockout mice. However, additional stud-

ies are still required to characterize the differentiation pattern of the mesodermal cells in 

Cep83 knockout mice. 

CEP83 has been identified as one of the distal appendage proteins (DAPs) that 

plays an essential role in the primary ciliary assembly. Loss of CEP83 in several cell types 

resulted in defective ciliogenesis2,34,38,82,128. Our study reported defective ciliogenesis in 

both KO IM cells (day 7) and KO organoids (day 25), that showed a decreased number 

of cilia with longer cilia formation (Fig. 10). The downregulated expression of nephron 

progenitor marker genes in CEP83-/- cells in the nascent nephron clusters could explain 

the failed differentiation of KO cells to kidney organoids at day 25, as those genes (Fig. 
13) have been reported to play essential roles in kidney development90,129-131.  

Previous studies showed that disruption in centriolar components or primary cilia 

assembly and function, resulted in severe disruption of kidney development, resulting in 

dysplastic developmental defects132-135. The loss of function mutation of the ciliary protein, 

KIF14, resulted in bilateral renal agenesis in human and zebrafish19,20. Interestingly, KI14 

has been identified recently as a necessary protein for the assembly of the distal append-

ages proteins136. Furthermore, the ciliary protein Kif3a that is involved in the intraflagellar 

transport is essential for normal mesoderm formation in mice. A loss of Kif3a in kidney 

progenitors resulted in reduced nephron numbers23,24. Additionally, mutations in the cili-

ary genes Ift25 and Ift27, which encode intraflagellar transport proteins in mice, resulted 

in renal agenesis or renal hypoplasia21,22. Combined, these studies show the essential 

role of the primary cilium in the early differentiation of the kidney progenitors in the mes-

oderm and kidney development. This suggests that CEP83 as an essential protein for the 

initiation of ciliogenesis plays a role in early kidney progenitors' differentiation and kidney 

development. 

In contrast, CEP83-/- cells upregulated the expression of other early LPM genes, 

including at day 7, and the expression of most genes was extremely upregulated at day 

25, indicating proliferative differentiation of CEP83-/- cells toward LPM. A previous study 

in zebrafish showed an interaction between LPM and IM, whereby the overexpression of 

LPM transcription factors Scl/Tal1 and Lmo2 inhibits IM formation and results in ectopic 
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vessel induction137. Moreover, the LPM transcription factor, hand2, is critical in determin-

ing the size of the IM106,138 in zebrafish. Loss of hand2 results in an expanded IM, while 

overexpression of hand2 results in reduced or abolished IM.  

Consistent with the previously defined developmental role of Hand2 in IM for-

mation, our study showed that CEP83-/- cells strongly upregulated the expression of 

HAND2 at day 7, suggesting that HAND2 expression in CEP83-/- cells may have played 

a central role in reducing IM differentiation, and later in nephron progenitor cell differenti-

ation at the organoid stage. Additionally, CEP83-/- cells at day 25 upregulated the expres-

sion of the LPM genes that are expressed in the mesothelium including OSR1, CXCL12, 

and HAND1/2 , and cardiomyocyte progenitors including ISL1 and TBX1108,138.  

4.3. Conclusions 

In conclusion, our study shows a novel role for the CEP83 protein in controlling the 

differentiation of IM nephron progenitors, via direct inhibition of the nephron progenitor 

differentiation in the IM, and indirect expansion of the LPM at the same stage. Future 

studies are necessary to define the molecular and cellular mechanisms induced by 

CEP83 function in specifying the IM and LPM differentiation.  

Due to lacking kidney phenotype characterization in the mouse model that ex-

presses a complete loss of CEP83 protein, we would recommend additional investiga-

tions on the differentiation of the kidney progenitors in the early intermediate mesodermal 

cells in those mice would provide more information on the functional role of CEP83 protein 

in kidney development.  We also recommend additional studies that investigate the func-

tional role of all the distal appendage proteins (DAPs) in early embryonic development 

and kidney development, which will help in understanding the molecular defects of the 

genetic diseases associated with mutations in the genes encode to these proteins. Due 

to the essential role of the DAPs in primary cilium formation, understanding the functional 

role of the DAPs proteins in development will help to understand the developmental de-

fects associated with ciliopathic diseases. 
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