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Mallikarjun Patil 

ROLE OF NEKl IN VHL AND CELL CYCLE REGULATION 

(Under the guidance of ZHENG DONG, PhD) 

Nekl is the member of NIMA {Never in mitosis gene A) related protein kinase family that is 

widely expressed in mammals. Nekl is an essential protein because loss of function in Nekl 

gene causes polycystic kidney disease in mice, which is similar to ADPKD (Autosomal Dominant 

Polycystic Kidney Disease) in humans. In Humans Nekl mutations also cause short rib polydactyl 

syndrome characterized by renal cysts and other developmental defects. At the cellular level 

Nekl thought to regulate ciliogenesis, centrosome duplication and DNA damage response .Nekl 

mutations leading to PKD have long been attributed to its role in ciliogenesis. Interestingly, VHL 

(Von hippel Iindau) protein a known tumor suppressor is also involved in ciliogenesis.VHL 

mutations cause cystic kidney disease and renal clear cell carcinoma. Since Nekl and VHL are 

involved in ciliogenesis and cystic kidney disease, my overall goal was to investigate if Nekl and 

VHL are part of common regulatory pathway and also to investigate the role of Nekl in cell cycle 

regulation. My results indicate that Nekl phosphorylates VHL and this has important role in cilia 

regulation . Nekl phosphorylates VHL on multiple sites and 5168 of VHL a site phosphorylated by 

Nekl significantly affects its stability. Importantly renal cells expressing S168A VHL that cannot 

be phosphorylated by Nekl grow cilia that are resistant to serum stimulation and Nocodazole 

treatment. Surprisingly I also found that Nekl is an essential regulator of S phase. Nekl 

knockdown in HEK cells blocks cell cycle progression. Further characterization Nekl showed that 

Nekl is needed for S phase progression and DNA replication. Nekl deficient cells have 

replication stress and activate cell cycle check point. Nekl loads on to chromatin and this 

increases during replication stress. We have also identified that Nekl interacts with and affects 



Ku80 loading on to chromatin. These findings have provided novel insights into the Nekl 

functions, which help in understanding the pathophysiology and development of polycystic 

kidney disease in mice and short rib polydactyl syndrome mejawski in humans. 

INDEX WORDS: NIMA related kinasel (Nekl), Polycystic kidney disease, Von-Hippel landau 

protein (pVHL), Cell cycle, Cilia, Human embryonic kidney cells, DNA replication. 
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Introduction. 

A. Statement of the problems and specific aims 

Never in mitosis A (NIMA) gene was first identified in genetic screens in filamentous 

fungus, Aspergillus Nidulans. Nek's {NIMA related kinases) are widely expressed in 

eukaryotes and they are thought to have important cell cycle regulatory function which 

plays crucial role in development and disease. Fungal NIMA is needed for mitotic entry 

in Aspergillus Nidulans, where loss of NIMA leads to G2 arrest and overexpression leads 

to premature mitotic entry. Functional analysis in lower organisms showed that NIMA 

regulates multiple aspects of mitotic progression including mitotic entry, chromatin 

condensation, spindle organization, cytokinesis and cilia resorption. However, the role 

of Nek's in higher organisms is not very clear. Existence of a similar pathway in humans 

has not been demonstrated. Intriguingly, overexpression of fungal NIMA and its 

dominant negative forms in Xenopus eggs and Hela cells lead to premature mitotic 

entry and G2 arrest respectively suggesting the presence of NIMA like mitotic pathways 

in higher organisms. Interestingly the non catalytic domain containing residues 345-396 

of NIMA is essential for these phenotypes. Intriguingly this pathway is independent of 

CDC2 activity although both NIMA and CDC2 regulate mitotic phase of cell cycle. 

1 
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Mammals express 11 NIMA related protein kinases named Nek1 to Nekll. It has 

been established that Nek proteins have important cellular and physiological roles in 

mammals. Nek2, Nek6, Nek7 and Nek9 have been implicated in mitotic progression. 

Nek3 is important for proliferation and Nek1, NekllO and Nek 11 regulate DNA 

damage induced G2M check point of cell cycle. However, the underlying molecular 

mechanisms are not known. Our understanding of the regulatory roles of Nek 

protein cou ld be significantly enhanced by identification of downstream effectors of 

Nek kinases. Nek1 is the first member of the NIMA related kinase in mammals. In 

mouse models loss of function mutations in Nek1 results in development of 

polycystic kidney disease (PKD) similar to ADPKD (autosomal dominant polycystic 

kidney disease) in humans. Nek1 mutations also cause short rib polydactyl syndrome 

mejawski which is also characterized by renal cysts and other abnormalities. Despite 

such remarkable phenotypes, the molecular mechanism whereby Nek1 mutations 

induce the pathologies is unknown. Interestingly, recent work has suggested that 

Nek1 has an essential role in ci lia regulation. Overexpression of Nek1 leads to cilia 

resorption and Nek1 deficiency leads to abnormal cilia formation. Since, 

dysregulation of the structure and function of cilia has a critical role in cystic renal 

diseases, it is postulated that Nek1 mutations leading to abnormal cilia as the cause 

of PKD. 

Von Hippel Lindau protein (VHL) is a tumor suppressor gene. VHL mutations cause 

cystic kidney disease and renal cell carcinoma, the major kidney cancer. Classical 

function of VHL is E 3 ubiquitin ligase, which targets HIF (Hypoxia Inducible Factor) 
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for proteosomal degradation in normoxic conditions. Nevertheless, VHL also has HIF

independent functions. It has been shown that VHL controls differentiation, ECM 

(extra cellular matrix), microtubule stability, ciliogenesis and cell cycle. VHL localizes 

to cilia and is the structural component of cilia. However, regulation of VHL itself is 

unknown. Since loss of function mutations of Nekl and VHL result in similar 

phenotypes, i.e. ciliary abnormalities and cyst formation, we postulated that Nekl 

and VHL might function in a common regulatory pathway. Overall goal of my 

graduate research work was to determine if VHL is a substrate of Nekl in cilia 

regulation and to investigate the Nekl role unperturbed cell cycle progression. 

To achieve these goals, I proposed the following specific aims. 

1. To determine if Nekl phosphorylates VHL 

2. To study the functional consequences of VHL phosphorylation by Nekl 

3. To determine the role of Nekl in cell cycle regulation. 
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literature review. 

NIMA related kinases and Nekl. 

The cell cycle consists of a series of orderly events leading to cell division. The transition 

from one cell cycle phase to another occurs in an orderly fashion and is regulated by 

multiple evolutionarily conserved proteins. Progression from one phase of cell cycle to the 

next is governed by Cdks (cyclin dependent kinasel), their cyclin partners, protein kinases 

and phosphatases[l]. The mitotic phase of the cell cycle is regulated by Cdc2/CDK1. Cdc2 

was originally identified in yeast and is well conserved in higher organisms. Mitosis is also 

regulated by NIMA in Aspergillus Nidulans and is not well conserved. NIMA mutations 

leading to loss of function cause G2 arrest and overexpression leads to premature mitotic 

entry. NIMA and cdc2 join forces for mitotic entry in Aspergillus and degradation of NIMA 

is essential for mitosis exit similar to Cdc2/CDK1 [2,3]. NIMA and CDC2 are very similar in 

cell cycle dependent function and regulation . Both NIMA and CDC2 are needed for mitotic 

progression however NIMA is distinct from CDC2[4]. NIMA in fungus and its homolog in 

the yeast (kin3 and finl) regulate various aspects of mitotic progression including mitotic 

entry, chromatin condensation, spindle organization, cytokinesis and cilia resorption[S]. 

However, yeast NIMA is not required for survival [3] . Existence of a similar pathway in 

higher organisms was demonstrated by Lu and Tony Hunter. Overexpression of fungal 

NIMA and its dominant negative forms in Xenopus eggs and Hela cells lead to premature 

mitotic entry and G2 arrest respectively suggesting the presence of NIMA like mitotic 

pathways in higher organisms[6]. Interestingly, the non catalytic domain containing 
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residues 345-396 of NIMA is essential for these phenotypes and this pathway is 

independent of CDC2 activity[ G). 

NIMA was originally identified in genetic screens for temperature sensitive mutants that 

failed to progress through mitotic phase of the cell cycle in (nim mutants) Aspergillus 

Nidulans [7]. NIMA refers to Never in mitosis gene A which encodes a serine threonine 

protein kinase essential for mitotic entry in Aspergillus Nidulans ([4,8]. The Nek (NIMA 

related kinases) families of protein kinases are mammalian orthologues of fungal NIMA. 

Nek are serine threonine protein kinases and not well characterized. Nek family protein 

kinases are widely expressed in eukaryotes and are thought to have important cell cycle 

regulatory functions. Humans express 11 NIMA related kinases, Nekl to Nek11 which 

perform the function of NIMA[5,9,10]. There seems to be a correlation between the 

number of Nek's expressed and presence of ciliated cells that reenter the cell cycle[lO]. 

Recently some of the Nek gene functions have been studied. For example; Nek2, NekG, 

Nek7 and Nek9 have been implicated in mitotic progression [9,11,12]. Nek3 in cell 

proliferation and Nekl, NeklO and Nek11 play a role in DNA damage induced cell cycle 

check point[9]. 

Nekl is the first member of the NIMA related kinase family protein kinases. Nekl was the 

first vertebrate NIMA like kinases to be cloned and was found to have conserved N

terminal kinase domain and divergent (-terminal region containing several coiled-coil 

domains, PEST, nuclear localization and export sequences[l3,14]. The biological functions 

were uncovered by a study by Upadya et al which showed that mutations in mNekl gene 

caused severe pleiotropic defects including polycystic kidney disease. Two independent 
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mutant alleles, kat and Kafli, caused severe defects that included dwarfing, craniofacial 

abnormalities, male sterility, anemia, cystic choroid plexus, and a progressive polycystic 

kidney disease[15]. Notably, in humans, Nek1 mutations are responsib le for development 

of short rib polydactyl syndrome, a lethal autosomal recessive disorder [16]. loss of NEK1 

functions in mice and humans, lead to a very similar phenotype, including craniofacial 

abnormalities, neural defects and cystic kidneys. These studies have clearly established 

that Nek1 has an essential role in certain tissues including the kidneys. 

Nek1 is known to have a role in ciliogenesis, centrosome duplication and DNA damage 

response. Nek1 localizes to centrosomes and overexpression of Nek1 leads to 

disappearance of gamma tubulin staining and centrosomal duplication [17,18]. Nek1 

overexpression leads to cilia resorption in MOCK (Madin-Darby canine kidney) cells which is 

dependent on the kinase activity of Nek1[19]. Cells from Nek1 mutant mice also have 

defective cilia suggesting Nek1 plays a role in Cilia dynamics[19]. Ciliary defects are almost 

always associated with renal cysts and have been suggested to be the cause of cysts. 

Intriguingly the downstream targets of Nek1 with reference to the cilia dynamics are 

unknown. The role of Nek1 DNA damage response is very well studied. Nek1 expression 

and activity increases significantly in response to Irradiation and other genotoxic stress. 

Nek1 deficient cells from Kafli mice are more sensitive DNA damage [20]. Nek1 is 

suggested to have a unique role in OOR [21] and Nek1 primes ATR (ataxia telangeictasia 

and rad3 related) for optimum activation [22] . Nek1 has also been shown to regulate the 

pathway to mitochondrial cell death. Mechanistically Nek1 interacts with VDAC1 (voltage 

dependent anion channel 1) and phospharylate it to regulate mitochondrial membrane 
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permeability (MMP). Nekl deficiency leads to increased MMP and cause accelerated cell 

death in response to injury [23]. 

Von Hippel Lindau (VHL) protein. 

VHL is a well known tumor suppressor. VHL mutations or loss leads to increased risk to 

developing tumors of the eye, nervous system, pancreatic & renal cysts and kidney cancer 

[24]. The pathological features of VHL loss include hemangioblastomas of the nervous 

system, renal cysts and CCRCC (clear cell rena l cell carcinoma) in kidneys [25-27]. VHL is E3 

ubiquitin ligase which targets HIF for proteasomal degradation under normoxic conditions. 

VHL loss leads to upregulation of HIF which induces cell proliferation, cell invasion, 

angiogenesis and epithelial mesenchymal transition the hallmarks of cancer [28-30]. VHL 

also has HIF independent functions [31,32]. For example VHL deficiency leads to impaired 

ECM {extra cellular matrix) assembly [33,34], the mechanistic details of which are 

unknown. VHL is involved in the regulation of p53, Jadel, E-cadherin, formation of cell 

junctions and establishment of cell polarity[35]. In addition VHL also participates in the 

regulation of primary ci lium through stabi lization of microtubules [24,36-38]. VHL binds 

and stabilizes microtubule. Microtubules are formed irrespective of VHL expression 

however, are hypersensitive to Nocodazole treatment a microtubule destabilizing agent in 

the absence of VHL [24]. Microtubule growth and orientation at the periphery are also 

defective in the absence of VHL [38]. 

VHL localizes to the cilia in proximal & distal tubular epithelial cells, collecting tubules and 

the loop of henle in mouse kidneys [39]. VHL also localizes to the primary cilium in 

cultured MEF (mouse embryonic fibroblasts) cells, IMCD (Inner Medullary collecting Duct) 

cells and renal epithelia l cells from humans. VHL deficient RCC (renal cell carcinoma) cells 
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do not form cilia and reconstitution of VHL in these cells induces cilia formation(40]. Renal 

cysts from VHL disease patients have very few cilia suggesting VHL plays role in ciliogenesis. 

It is suggested that VHL and GSK3- beta play an important role in ciliogenesis. GSK3 beta 

and VHL function together to maintain cilia, since GSK3 beta is also inactivated in VHL 

deficient renal cysts (41]. Despite these findings the regulation of VHL itself is unknown. 

Cilium. 

The ci lium is a cell organelle that grows on the surface of the mammalian cells that have 

exited from cell cycle [42,43]. Ciliation and deciliation are co-ordained with cell cycle 

[42,43] through the coordination between proteins involved in lntraflagellar transport and 

those involved in cell cycle regulation[44]. The cilium is made of microtubule based 

structure axoneme surrounded by ciliary membrane [45]. The cilium is a very dynamic 

structure in which there is constant turnover of its components to promote its steady 

state level[45]. Cilia can be motile or non motile. Motile cilia have 9+2 microtubule pattern 

whereas non-motile cilia have 9+0 pattern. Non-motile cilia, also known as primary cilia 

are assembled on the basal body, the mother centriole (42]. Primary cilia act as a signaling 

complex in photo, chemo and mechanosensation (46]. Cilia are involved in transducing 

extracellular signals such as growth factors, hormones and growth morphogens [45]. 

Ciliary sensory function and signal transduction play important role in regulating 

development and homeostasis in the multicellular organisms (47]. As a result cilia defects 

lead to a variety of developmental abnormalities and diseases like polycystic kidney 

disease, Bardet-B1edl syndrome, orofacial d1gital typel, Meckel Gruber syndrome, left 

right asymmetry, retinal degeneration etc (48]. Many of the signaling molecules 

responsible for these diseases are located on the cilia. Many cancerous and transformed 
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cells do not express cilia and lack of cilia makes them resistant to extracellular signals that 

regulate growth and differentiation [42,43]. However, recent work has suggested that cilia 

signaling and cancer to be context dependent. Cilia regulates hedgehog pathway. 

Hedgehog pathway is deregulated in BCC (basal cell carcinoma). As a result loss of cilia in 

BCC inhibits tumor growth mediated by activated smoothened. Whereas loss of cilia 

drives tumor growth mediated by activated Gli transcription factor [49]. Nek1 and VHL are 

known to regulate ciliogenesis and loss of function mutation in these genes lead to 

ciliopathy and cystic kidney disease. 

NEK kinases and kidney diseases. 

The involvement of NEK kinases in kidney diseases was identified in genetic screens in 

polycystic kidney disease mouse models [15,22,50]. Kat and Kafl mouse models have 

mutations in Nek1 and jck mice have mutat1ons in Nek8. Although mutations in both Nek1 

and Nek8 lead to PKD they have different pathologies. Nek1 mimics the ADPKD (Autosomal 

Dominant Polycystic Kidney disease) characterized by cyst formation leading to end stage 

renal failure. Nek8 mutation is transmitted as ARPKD (Autosomal Recessive polycystic 

kidney disease) but phenotypically resembles ADPKD. Mutations of these genes also cause 

similar but distinct disease in humans. Nekl mutations cause short rib polydactyl syndrome 

mejawski characterized by pleiotrophic defects including renal cysts [51]. Nek8 mutations 

cause Nephronopthisis characterized by renal cysts and interstitial nephritis [51]. 

Interestingly both genes have role in ciliogenesis but are activated by different stimuli. 

Nekl is mainly activated in response to DNA damage [20] and Nek8 is activated in response 

to serum starvation [47]. Kat mice have Partial internal deletion of residues 791 to 2105 of 
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Nekl mRNA transcript and Kat2J mutant has insertion of an extra base pair gaunosine at 

position 996 of Nekl mRNA. These two mutations lead to loss of Nekl function. Jck mice 

have a missense mutation of G448V in Nek8. Nek8 is expressed in jck Uuvenile cystic kidney 

disease) mice however it is mislocalised. 

Polycystic kidney disease is a genetic disease characterized by fluid filled cysts replacing 

the tubules in the kidneys leading to end stage renal failure [52]. One of the hallmarks of 

PKD is increased proliferation of the cells lining the cyst as a result PKD is often referred to 

as neoplasia in disguise[S3]. PKD almost always coincides with ciliopathy and cell cycle 

abnormalities[52]. Nekl mutations cause PKD in mouse similar to ADPKD in humans and 

short rib polydactyl syndrome in humans. However the molecular mechanism of how Nekl 

loss leads to the development of the above diseases is not known. In addition Nekl is also 

needed for maintaining genomic integrity. Nekl mutant and heterozygous mice develop 

various cancers at much younger age's suggesting Nekl has tumor suppressor role. 

Although a lot of work has suggested Nekl plays a role in DDR, the role Nekl in regulating 

unperturbed cell cycle has not been studied. 

Thus to investigate if Nekl and VHL are part of common regulatory pathway and Nekl role 

in cell cycle regulation, I propose the following specific aims as part of my thesis proposal. 

1. To determine if Nekl phosphorylates VHL 

2. To study the functional consequences of VHL phosphorylation by Nekl 

3. To determine the role of Nekl in cell cycle regulation 



Materials and Methods 

Cell lines. HEK 293 cells were purchased from ATCC (American type culture collection) 

and grown in MEM (minimum essential medium) supplemented with 10% fetal bovine 

serum (FBS). 786-0 and U20s cells were from ATCC and maintained in DMEM 

(Dulbecco's minimum essential medium) supplemented with 10% FBS. RCC4 cells were 

kind gift of Dr. Celeste Simon at University of Pennsylvania and maintained in DMEM 

supplemented with 10% FBS, 1% EAA, 1 % glutamine. 786-0 and RCC4 cells were 

transfected with VHL or it mutants and then selected with G418 at 1 mg/ml to generate 

stable cell lines .. Renal tubular epithelial cells from WT and Kafl mice were a kind gift 

from Dr. Yumay Chen (UC Irvine) and were maintained in DMEM/F12 supplemented 

with 10%FBS. U20s cells were transfected with scrambled and Nek1 ShRNA and selected 

using puromycin at 2ug/ml concentration for about 10 days. Stable cells were confirmed 

for Nek1 knockdown efficiency and used for experiments. 

Cell cycle synchronization. HEK293 cells were synchronized by single thymidine block 

with 2mM thymidine for 18 hours or by double thymidine block by growing cells 

sequentially in 2mM thymidine for 16 hours, normal medium for 8 hrs and finally in 

2mM thymidine for14 hrs. For APH (aphidicolin) treatment sub confluent cells were 

11 
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treated with 1ug/ml of Aphidicolin for 24 hrs. U20s cells were synchronized by double 

thymidine block as described by Ngheim et al [53]. 

Plasmids. Nek1 coding eDNA was purchased from Open Biosystem. The coding region 

was PCR amplified and cloned in to pcDNA3.1- Myc/His. HA-VHL-pRc-CMVwas kind gift 

of Dr. William Kaelin at Harvard Medical School. VHL mutants were generated by using 

QuickChange Mutagenesis kit (Agilent technologies, 200519). Nekl shRNA plasmids 

were obtained from Origene. 

Antibodies Nek1 antibody was a kind gift from Dr. Yumay Chen, University of California, 

Irvine. VHL antibody was from BD pharmigen; HA, y H2AX, pRB, pCDK1, MCM2, RPA 70, 

Ku80, CDC45, pCDKl and pCHK1 antibodies were from Cell signaling technologies. 

pCDK2Y15, Cyclin 01 antibodies were from epitomics; Cyclin E and cyclin A antibodies 

were from Santa cruz biotech. Gamma tubulin, Acetylated tubulin, ~ actin and Myc 

antibodies were from SIGMA. Cyclophilin B antibody was from abeam. 

Western blot. Standard protocol of western blot was carried out. Briefly, cells were 

lysed in SDS lysis buffer (2x SDS lysis buffer- 125mm Tris ph 6.8, 4%SDS and 20% 

glycerol) supplemented with cocktail inhibitor (sigma) , 1mm Sodium Vanadate and 

Benzonase nuclease. Proteins were separated in 10% bis tris or 4-12% gradient Nupage 

gels, transferred on to PVDF membrane and detected using the indicated antibodies. 

In vitro kinase assay. Recombinant catalytically active Nek1(1nvitrogen, PV4202} and 

pVHL (protein one, P2010) were incubated in kinase reaction buffer (100 mM Tris pH 

7.5, 5 mM Mncl2, 2 mM on, 1 mM ATP and 5 ~Ci [y-32P]ATP for 20 minutes at 30 oc. 
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The reaction was stopped by adding 2x laemmli buffer and denatured by boiling for 5 

minutes at 95 oc. The samples were separated on 10% Bis-Tris gels and transferred on 

to PVDF membranes for autoradiography. For mass spectrometry, samples were 

resolved on 4-12% Bis-Tris gels and stained with Commassie blue to reveal the pVHL 

protein band, which was exercised for mass spectrometry analysis of phosphopeptides 

by Taplin Mass Spectrometry Core Facility at Harvard Medical School. 

lmmunoprecipitation (IP). IP was carried out as described previously [54] . Briefly Cells 

were lysed in IP buffer (20 mM Tris, pH7.5, 150 mM NaCI, 1% Triton X-100, 1 mM EDTA, 

1 mM EGTA, 0.15% ~-maltoside supplemented with phosphatase inhibitors and 

protease inhibitors) by incubating on ice for 10 minutes and centrifuged at 12000xg for 

10 minutes to collect the supernatant lysate. About 2ug of IP antibody was added to 

500 ug of lysate and incubated overnight at 4 oc on a rocker. Protein G beads were then 

added for overnight incubation, followed by centrifugation, three times of wash with IP 

buffer. The immunoprecipitate was finally collected for immunoblot analysis or for in 

vitro kinase assay. 

Cycloheximide chase. HEK cells were transfected with VHL or its mutant. Thirty-six 

hours later the ce lls were treated with Cycloheximide (Sigma, T7451) at SOug per ml and 

lysates were collected at indicated time points for immunoblot analysis. 

Immunofluorescence analysis of cilia. The method described by Plotnikova [44] was 

followed . Briefly cells grown on cover slips were fixed with 4% paraformaldehyde for 30 

minutes at room temperature and washed with PBS. The fixed cells were incubated with 
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blocking buffer (2% BSA, 0.2% fat free milk, 0.4% Triton in PBS) for 1 hour, followed by 

incubation with the antibody against acetylated tubulin (1:10000) for 1 hour and 

washed with PBS containing 0.2% Tween-20. The cells were then incubated with Cy3-

conjugated anti-mouse secondary antibody (Jackson lmmuno Research laboratories) for 

1 hour and washed three times. Finally, the cells were stained for nuclei with 

Hoechst33342 fo r 10 minutes, washed with PBS and mounted on the glass slide using 

antifade mounting media. To evaluate the percentage of cells with ci lia, four random 

fields of about 35-40 cells per field were counted. Cilia length was measured using the 

LSM image browser software. 

Immunofluorescence analysis of centrosomes. Cells grown on coverslips were fixed in 

methanol at -20 °C for 5 minutes and washed with PBS. The immunostaing was carried 

out similar to cilia staining described above. For centrosome analysis percentage of cells 

with duplicated/amplified centrosomes were counted in four random fields at 40x 

magnification. 

Cell Cycle analysis. The cell cycle analysis was carried out as described previously[55] 

using the cell cycle analysis kit from GenScript. Briefly cells were harvested by 

trypsinisation, washed in PBS and fixed in 70% ethanol overnight. Subsequently, cells 

were washed in PBS, treated with RNAse for 30 min at 37°C and stained with PI for 

30min on ice. DNA content was analyzed by flow cytometry. BrdU incorporation was 

analyzed by using BrdU labeling kit from BD pharmigen . Briefly cells were incubated 

with BrdU for one hour, harvested by trypsinisation and washed with PBS. Cells were 
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fixed with 4% paraformaldhyde for 30 min, washed with wash buffer and treated with 

permeabalization buffer for 20 min. Next, the cells were washed and treated with 

DNAse for 1 hour at 37°C. Cells were then stained using FITC tagged anti-BrdU antibody 

for half an hour and stained with 7 AAD to detect total DNA. 

Chromat in Isolation. The method described by Mendez and Stallman [54]was followed 

with slight modification. Cells were harvested by trypsinisation at indicated time points, 

pelleted by centrifugation at 1800 rpm and washed with PBS. Cell pellet was suspended 

in bufferA(10mm HEPES, 1MM EDTA, 0.4M NaCt10% sucrose, 1mm on and 0.1% Triton 

X) supplemented with protease inhibitor (sigma) , incubated on ice for 5 min and nuclei 

were pelleted by centrifugation ( 1300 g for 4 minutes at 4 C). The supernatant was 

collected and pellet was washed once with buffer A. Nuclei were resuspended in buffer 

B (3mm EDTA, 0.2 MM EGTA, 1mm on, 1X protease inhibitor) and incubated on ice for 

15 minutes. The chromatin was pelleted by centrifugation (1700g at 4 for 4 C minutes) 

followed by one washing step with buffer B. The chromatin was resuspended in Laemmli 

buffer, denatured by boiling and the samples were run on 10% Bis Tris gels, transferred 

on to PVDF membranes and proteins were detected by western blot. 

Silver staining. Silver staining of NUPAGE gels was performed using silver stain plus kit 

from BioRad. Briefly the gel was fixed using fixer enhancer solution (Methanol: Acetic 

Acid: fixative enhancer:H20 . 50:10::10:30 percent) for 20 min, rinsed in ddH20 for 20 

min changing water every 10 min. Gel was stained using staining solution till the 

banding pattern was clean and stopped using 5% acetic acid. 



Results 

1 Nekl phosphorylates VHL to promote its proteasomal 
degradation and ciliary destabilization 

Nekl phosphorylates pVHL in-vitro. 

To determine if VHL has any phosphorylation sites for Nekl we used GPS2.1 

opensource software. This search predicted 3 putative Nekl phosphorylation sites 

(Fig 3.1a ) under high stringency. $168 of VHL shared the highest confidence score 

and was located in the known functional domain of VHL. The bioinformatics results 

were further confirmed by lnvitrokinase assay, recombinant active Nekl (kinase 

domain) and pVHL were incubated separately or together in the presence of [y-

32P)ATP. As shown in Figure (3.1b), the addition of Nekl induced a marked 

phosphorylation of pVHL. Nekl also showed significant autophosphorylation in t his 

in-vitro assay. These resu lts were further confirmed by using fu ll length Nekl 

immunoprecipitated from HEK293 cells transfected with Nekl. To identify the 

phosphorylated sites in pVHL, recombinant Nekl and pVHL were incubated in kinase 

buffer and resolved on SDS-PAGE for Coomassie blue staining. The VHL band was 

collected for phospho-peptide analysis by mass spectrometry. The analysis identified 

seven phosphorylated sites, including threonine-100, threonine-lOS, tyrosine-111, 

serine-168, serine-183, tyrosine-175, serine-183 and threonine-202 (Figure 3.1d). 
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Figure 3.1. Nek1 phosphory/ates pVHL invitro. A. Bioinformatics results showing 

putative Nek phosphorylation sites in VHL sequence B. Purified recombinant active 

Nek1 and pVHL were incubated separately or together in kinase reaction buffer with 

[y-32P} ATP. The samples were then resolved by gel electrophoresis followed by 

autoradiography. C. HEK cells were transfected with Nek1-pcDNA3.1-Myc/His or 

empty vector to collect eel/lysate 36 hours later for immunoprecipitation of Nek1-

Myc/His. The immunoprecipitates were incubated with recombinant pVHL in the 

presence of [y-32P} ATP. The samples were then resolved by gel electrophoresis 

followed by autoradiography. D. Purified recombinant active Nek1 and pVHL were 

incubated, followed by gel electrophoresis and Commassie Blue staining. The pVHL 

band was exercised for mass spectrometry analysis of phosphorylated sites 

(highlighted in red at indicated sites). 
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Nekl interacts with pVHL. 

To test if there is a direct interaction between Nekl and VHL, we cotransfected 

HEK293 cells with Nekl-myc-his and HA-VHL for co-IP. HA-VHL was 

immunoprecipitated using HA antibody and immunoblotted using HA and myc 

antibody. As shown in Fig 3.2 HA antibody pulled down both Nekl and VHL. We 

were unable to detect endogenous Nekl in the immunoprecipitates due to low level 

of endogenous Nekl. 



Figure 3.2 Nek1 interacts with VHL. 

HEK 293 cells were co transfected with Nek1-pcDNA3.1-Myc/His and HA-VHL

pRc/CMV . whole cell lysates were collected 36 hours after transfection. 

lmmunoprecipitation was carried out using anti-HA antibody, followed by 

immunoblot analysis using anti-Myc and anti-HA antibodies 
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Overexpression of Nekl induces pVHL degradation. 

To determine a possible regulation of pVHL by Nekl, we first examined the effect of 

Nekl overexpression on pVHL in HEK cells. Overexpression of Nekl decreased the 

expression of VHL significantly compared to the vector control (Figure 3.3a). The 

result was verified by densitometry analysis of the immunoblots (Figure 3.3b). In 

order to understand the possible mechanism we treated Nekl transfected HEK ce lls 

with bortezomib a proteasomal inhibitor. Interestingly, the proteasome inhibitor 

could rescue pVHL in Nekl-tranfected cells to a level comparable to that of vector

transfected cells (Figure 3.3c). The results suggest that Nekl promotes proteasomal 

degradation of pVHL. VHL stability is regulated by binding of elongin B/C [56). We 

thought that Nekl may promote pVHL degradation by preventing elongin B/C 

binding to pVHL. To address this, HEK cells were co-transfected with Nekl and HA 

VHL for co-immunoprecipitation (co-IP) analysis. Nekl expression did not 

significantly change the interaction between HA VHL and Elongin B/C. Thus, Nekl 

may be regulating VHL stabi lity through proteasomal degradation which is 

independent of elonginB/C binding (Figure 3.4). 



Figure 3.3. Overexpression of Nek1/eads to pVHL degradation. 

a. HEK cells were transfected with Nek1-pcDNA3.1-Myc/His or empty vector to 

collect whole cell lysate 36 hours later for immunoblot analysis of pVHL, Nekl

Myc/His, and 6-actin. b. Densitometric analysis of immunoblots. pVHL signal was 

normalized by 6-actin signal in the immunblots from three experiments. c. HEK cells 

were transfected with Nek1-pcDNA3.1-Myc/His or empty vector for 36 hours and 

then treated with 100 nm Bortezomib for 4 hours to collect whole cell lysate for 

immunoblot analysis of VHL, Nekl-Myc/His, and 6-actin 

A 
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Figure 3.4 Nek1 does not affect elongin 8 binding to pVHL. 

HEK cells were co-transfected with HA-VHL and Nekl-Myc/His or empty vector. HA

pVHL was immunoprecipitated using anti-HA antibody followed by immunoblot 

analysis of HA-VHL and elongin B. As a control in IP analysis, Protein G beads were 

included without anti-HA. 
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Mutation of pVHL at serine-168 increases protein stability. 

Since our results suggested Nek1 may phosphorylate VHL and affects VHL stability 

through proteasomal degradation (Figures 3.1, 3.3), we hypothesized that 

phosphorylation of pVHL by Nek1 at specific sites led to pVHL degradation and 

reduction in its stability. To identify the site specific site regu lating VHL stability, we 

generated pVHL mutants at the phosphorylation sites identified in Fig3.1C. by mass

spectrometry. We particularly focused on the (-terminal S168A, Y175A and S183A 

mutants because pVHL stability is largely determined by the ( -terminal domain [57]. 

HA-VHL and its mutants were separately transfected into HEK cells, which were then 

treated with cycloheximide to block new protein synthesis. Cell lysates were 

collected at various time points after cycloheximide chase for immunoblot analysis 

of HA-pVHL or its mutants. As shown in Figure 3.5a, wild-type HA-pVHL was 

drastically reduced within 6-12 hours of cycloheximide chase and completely 

disappeared in 24 hours. Similar results were shown for pVHL-Y175A and S183A 

mutants (Figure 3.Sc, 3.5d). In contrast, pVHL-S168A mutant was largely preserved 

in the first 12 hours and became notably reduced only after 24 hours of 

cycloheximide chase (Figure 3.5b). The result of densitometry of the immunoblots is 

presented in Figure 3.5e. Clearly, mutation of serine-168, but not serine-183 or 

tyrosine-175, increased the stability of pVHL. 



Figure 3.5. Mutation of pVHL at S-168 increases protein stability. 

HEK cells were transfected with HA-pVHL or its mutants for 36 hours. The cells were 

then treated with cycloheximide to collect lysates at indicated time points for 

immunoblot analysis of HA-pVHL (A} or its mutants (8, C, D) using anti-HA 

antibodies. The results of densitometry are shown in E. 
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Nekl and pVHL-S168A mutation do not affect HIF. 

pVHL is an E3 ubiquitin ligase and regulates HIF by ubiquitinating and targeting it 

for degradation through the proteasomal system. Since VHL stability was affected by 

Nek1 overexpression and serine-168 mutation (Figs. 3.1-3.4), we tested whether 

these manipulations may affect HIF1a expression. Regard less of the transfection of 

Nek1, HIF-1a was undetectable in HEK cells under normoxia (Figure 3.6). In addition, 

Nek1 did not significantly affect HIF-1a induction by hypoxia in HEK cells. In order to 

test if VHL mutants are capable of HIF regulation, we generated 786-0 cells stably 

expressing VHL, VHL-S168A, or VHL-S168D. 786-0 is a renal cell carcinoma cell line 

that is deficient in VHL and expresses HIF-2a under normoxia [58] . As shown in 

Figure 3.6, vector-transfected 786-0 cells expressed HIF-2a under normoxia; 

however, HIF-2a became undetectable after the reconstitution with either wild-type 

or mutant pVHL, indicating that serine-168 mutation does not alter the regulatory 

function of pVHL towards HIF. 



Figure 3.6 Nek1 and S168A mutation in pVHL do not affect HIF expression. 

A. Overexpression of Nekl does not affect HIF-la expression under normoxia or HIF

la induction during hypoxia. HEK cells were transfected with vector or Nekl, 

followed by 4 hours incubation under normoxia or hypoxia to collect cell lysate for 

immunoblot analysis of HIF-la and 6-actin. B. 786-0 cells were stably transfected 

with VHL, its 5168 mutants or empty vector to collect cell lysate for immunoblot 

analysis of HIF-2a,HA-VHL (or mutants) and 6-actin. 
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pVHL-S168A mutation induce cilia that are resistant to serum stimulation and 

nocodazole treatment. 

VHL regulates various cellular processes through HIF dependent and independent 

mechanism. Recent work has suggested that pVHL may stabilize microtubules for 

the maintenance of cilia (24,36]. Therefore, we examined the effects of pVHL and 

the S168A mutant on ciliary homeostasis. In this experiment, we used RCC4, a renal 

cell carcinoma cell line that is defective in VHL and ciliogenesis [59]. We generated 

RCC4 cell lines expressing VHL or VHL-S168A mutant by stable transfection. Both 

VHL-RCC4 and VHL-S168A-RCC4 cells grew cilia and there were no significant 

differences in ciliary growth in these two cell lines (Figure 3.6a). We further 

analyzed ciliary stability in these cells. To this end, the cells were starved to grow 

cilia and then subjected to serum stimulation. As shown in Figure 3.7, after 24 hours 

of serum simulation the number of cilia-bearing cells was reduced to 37% in VHL

RCC4 cells; however, 53% of VHL-S168A cells maintained ci lia after serum 

stimulation. In order to further test cilia stabi lity we treated RCC4cells expressing 

WT and mutant VHL with Nocodazole. Nocodazole is microtubule destabilizing agent 

that results in the shortening of cilia [36). In VHL-RCC4 cells, cilia became small and 

speckle like after 3 hours of nocodazole treatment (Figure 3.8) and cilia length was 

decreased from 8.1 to 4.4 11M (Figure 4d). In contrast, VHL-S168A-RCC4 cells mostly 

maintained hair-like cilia after nocodazole treatment (Figure 3.8) and their cilia were 

6.9 11M after nocodazole treatment, significantly longer than VHL-RCC4 cells (Fig 

3.8). Together, these results suggest that mutation of Serine-168 in pVHL, a possible 
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Nekl phosphorylation site, may enhance its microtubule stabilizing function to 

improve the stability of cilia in cells. 



Figure 3. 7 p VHL-SJ68A induces cilia that are more stable than those induced by 

pVHL. 

RCC4 cells were stably transfected with VHL or its Sl68A mutant. The cells were 

serum-starved for 48 hours, followed by 24 hours of serum stimulation. The cells 

were fixed for acetyl-tubulin immunofluorescence to evaluate cilia. A Representative 

images. Red: acetyl-tubulin staining; Blue: nuclei. Arrowed: Representative cilia. 

B. Cilia were counted to determine the percentage of cells with cilia after serum 

stimulation. Data: mean+/-SD, n=3; * P<0.05 vs. pVHL-reconstituted cells after 

serum stinwlation. 
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Figure 3.8 p VHL-S168A induces cilia that are more stable than those induced by 

pVHL. RCC-1 cells were stably tramfected with VIIL or its SI68A mutant. The cells 

were serum-starved for 48 hours, followed by 3 hours of nocodazole treatment. The 

cells were fixed for acetyl-tubulin immunofluorescence to evaluate cilia. A. 

Representative images. Red: acetyl-tubulin staining,· Blue: nuclei. Arrowed: 

Representative cilia. B The length of cilia was measured using LSM image analyzer. 

Data: rnean+/-SD, n 20; * P<O.OI vs. pVJIL-reconstituted cells after nocodazole 

treatment. 
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2. Nek1 is an essential regulator of S phase progression 

Nekl knock down inhibits proliferation in HEK293 cells. 

NIMA re lated kinases are novel class of protein kinases implicated in cell cycle 

regu lation in mammals[9]. Recent studies have suggested that the DNA damage 

response components have critica l role during degenerative kidney diseases 

including ciliopathies [60]. Since, loss of Nekl function leads to a severe renal 

phenotype in mice[Gl] and humans[62] and Nekl has been suggested to play a role 

in DDR(20,21], we were interested in understanding the role of Nekl in cell cycle 

regulation in renal models. When we were studying the role Nekl in VHL regulation 

we initially knocked down Nekl in HEK293 cells. Surprisingly, Nekl knock down 

inhibited the proliferation of HEK293 cells. We used two shRNA's which significantly 

reduced Nekl protein expression in HEK293 cells (Figure 3.9a). Morphological 

analysis (Figure 3.9b) and cell counting experiments (Figure 3.9c), clearly showed 

that Nekl deficiency resu lted in a significant block in prol iferation. While t he control 

cells proliferated and their number increased to about 3 times at the end of 

experiment, Nekl deficient cells had still not doubled in number. The defect in 

proliferation reflected the extent of Nekl depletion, because the reduction in cell 

proliferation was more severe in ShRNAl transfected group, which also had higher 

decrease in Nekl expression (Figure 3.9a and 3.9c). We did not observe any 

significant amount of cell death in Nekl deficient cultures (data not shown), 

indicating that Nekl deficiency results in a genuine defect in cellular proliferation. 



Figure 3. 9 Nek1 knock down inhibits HEK 293 cells in 

proliferation. 

A.HEK 293 cells ·were transfected with Scrambled and Nekl . .%RNA, celllystaes ·were 

collected 72 hrs post transfection and analyzed for knock down efficiency. B. Phase 

contrast image showing the difference in cell density between control and Nekl knock 

down cells. C. Graphical representation of cell number in scramble and Nekl shRNA 

tramjected cells at 24, 48, 72 and 96 hrs after transfection. Data: n 3, Mean -1/- SD. 

*P< 05 VS scramble group. 
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Nekl deficiency impedes S phase progression in renal cells. 

The role of Nek1 in unperturbed cell cycle and normal proliferation is not known. 

Since, Nek1 knock down resulted in inhibition of proliferation in HEK293 cells we 

hypothesized that cell cycle progression might be defective in these cells. Cell cycle 

analysis showed that scrambled shRNA transfected cells had normal cell cycle 

profile, where as significantly high number of Nek1 knock down cells accumulated in 

S Phase (Figure 3.10 a and b). The number of S phase cells increased from 22% to 46-

56% in Nek1 deficient cells (Figure 3.10 and Figure 3.10c). Additional experiments 

with BrdU labeling showed that Nek1 deficiency results in more than double the 

number of cells in the S phase (Figure 3.11). Surprisingly, these results indicate that 

Nek1 deficiency results in increased number of cells in the S phase and indicate that 

Nek1 deficiency does not result in inhibition of DNA replication, although the rate of 

DNA replication might be slow. In order to gain more insights into this striking defect 

in S phase progression in Nek1 deficient cells, we carried out cell cycle 

synchronization and release experiments. To this end, we transfected HEK293 cells 

and synchronized them by double thymidine block, followed by release into normal 

medium and analyzed cell cycle progression. As, shown in Figure 3.12a, scrambled 

cells entered the S phase immediately after thymidine release and by 8 hours most 

cells were in G2/M phase. In contrast, Nek1 deficient ce lls entered the S phase 

slowly and by 8 hours, significant numbers of cells were still in S phase and had not 

progressed into G2/M phase. Quantitation from three independent experiments 

showed that the number of G2/M cells was significantly low in Nek1 knockdown 
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cells (Figure 3.12b). These experiments clearly establish that Nekl deficiency results 

in a profound defect in the S phase progression during the unperturbed cell cycle. In 

order to further confirm these results, we analyzed the cell cycle profile of renal 

tubular epithelial cells (RTE) from the Karl1 (Nekl mutant) mice. Cell cycle analysis 

and BrdU staining revealed that more number of cells were in S phase in Nekl 

deficient cells (Figure 3.13 and Figure 3.14). It is important to note that although 

Nekl deficient RTE from Karl' mice have impaired S phase progression, these cells do 

not have proliferation defects. This can be reconciled by the observation that Nekl 

deficient RTE cells have increased genomic instability [63] and other compensatory 

mutations in these cells could have resulted in restoring of the proliferation rates. It 

is also possible that acute inhibition of Nekl results in proliferation defects and 

prolonged Nekl deficient cells have adaptations which compensate the loss of Nekl. 

However, it is clear that in both HEK293 and RTE cells, Nekl deficiency results in 

significant impairment in the S phase progression. 



Figure 3.10 Nek1 knock down results inS Phase arrest/ Delay. 

A.IIEK293 cells were transfected with scramble control and Nekl ShRNA. Cells were 

harvested 72 hrs post transfection and cell cycle analysis was carried out by Pi 

staining and flow cytometry. B. Graphical representation of cells in different phases 

of the cell cycle in scramble and Nekl ShRNA tramfected cells. The graphs represent 

average of 3 independent experiments. C. Graphical representation of cells in S 

phase of the cell cycle in scramble and Nekl ShRNA tran.~fected cells. Data: mean-t -

SD, n -3; * P<0.05 vs. scramble group. 
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Figure 3.11 Nek1 knock down cells have prolonged S phase 

A.IIEK293 cells transfected with scrambled and Nekl ShRNA were labeled with 

BrdU for I hour 72 hours after tramfection. BrdU incorporation was analyzed by 

staining cells with FITC conjugaled antibody and flow cytometry. B. Graphical 

representation of BrdU positive cells in control and Nekl ShRNA transfected cells. 

Data: mean +/-SD, n 3; * P<0.05 VS scramble group. 

B 



.., 51611brdu 002 
e 

... 
e 

:::::> 
0 ,. 

e c:r: 
CD -e 

0 

e ..,-"'".' .. ,, •1 '9. ,.1 T-r"'O'....-T"' 

0 200 400 600 800 
FL~A 

7AAD 

Scrambled 

B 

T 

e 

"" e 

~N 
-0 
-'-... 

e 
0 

e 
1000 0 

t/) 80 
Q) 

(.) 
60 

40 

20 

0 

51811brdu 003 

200 400 600 800 I 000 
FL~A 

Nek1-ShRNA1 

I 

~ .... 
-o 
J... 

A 

- I ~ 

0 e ·~~~~~~~~~ 
0 200 400 600 800 1 000 

FL3-A 

Nek1-ShRNA2 

Scr shNek1 -1 shNek1-2 

37 



Figure 3.12 Nek1 knockdown cells fail to progress to Sand G2M 
phase following cell cycle synchronization. 

A.HEK 293 cells transfected with control and Nekl ShRNA were synchronized by 

double thymidine block and released into normal medium. Cells were harvested at 0, 

2, 4, 6, 8 hours after the release and analyzed for DNA content. B. Graphical 

representation of cells in G2M phase in scrarnb/e and Nekl ShRNA transfected cells 

synchronized by thymidine block and released for 8 hours. Data: mean+I-SD, n=J; * 

P<0.05 Vs scramble group. 
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Figure 3.13 Nek1 deficient RTE cells have more number of cells in 

Sphase. 

A. Cell cycle analysis of renal tubular epithelial cells from WT and Kaf' mice. 

A.\ynchronous RTE cells were harvested 2-1-36 hrs after seeding and stained with PI 

and analyzed for DNA content by flow cytometry. B. Graphical representation of cells 

inS phase in RTE cells from WT and Kaf1 mice. Data: n 3, Mean t-1- SD, *P<. 05 VS 

WT RTE cells. 
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Figure 3.14 Nek1 deficient RTE cells have more number of cells in 

Sphase 

Asynchronous WT and Kat!1 rena/tubular epithelial cells were labeled with BrdU for 

1 hour 36-48 hours after seeding. Cells were harvested and analyzed for BrdU 

incorporation by staining cells with F!TC conjugated anti BrdU antibody and flow 

cytometry. 
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Nekl knockdown U20s cells also have defective S phase progression. 

Our results indicated that Nekl has an important role in S phase progression in cell 

cycle in renal cells. Next we asked if Nekl has role in other cell types. To address this 

question we generated Nekl knock down stable U20s cells. Efficiency of Nekl knock 

down was analyzed by western blotting Fig 3.15A. In order address if these cells 

have defective S phase progression we synchronized the cells by double thymidine 

block and analyzed 5 phase progression by harvesting cells at 0,8 and 9 hours after 

the release from thymidine block. Our results indicate that number of cells in G2M 

phase at 8 and 9 hours was significantly less in Nekl knock down cells when 

compared to the scramble control (Figure 3.15). These results further substantiate 

that Nekl indeed has a role 5 phase progression. 



Figure 3 .15 Nek1 Knockdown U20s cells also have defective S phase progression. 

A.U20S cells were transfected with Scr control and Nekl shRNA and selected with 

puromycin for 10 days for stable transfection. Nekl knock down efficiency was 

analyzed by Western blot. B. Cell cycle analysis showing cells in different phases at 

0,8 and 9 hours after release from thymidine block. C. Graphical representation of 

cells in G2M phase at 8 and 9 hours after the release from the thymidine block. C. 

Graphical representation of cells in G2M phase after 8 and 9 hours after the release 

from the thymidine block. Data: n- 3, Mean+/- SD , *?<.05 VS scramble group. 
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Nekl overexpression increases the number of cells inS phase. 

Since Nek1 knock down HEK293 cells and RTE cells from Nek1 mutant mice had defective S 

phase. We wanted to know the effect of overexpression of Nek1 in HEK 293 cells. to this end 

HEK 293 cells were transfected with pCDNA vector and Nek1 myc his DNA. We harvested 

cells 48 hours post transfection and stained with Propidium iodide. PI stained cells were 

analyzed by FACS to measure DNA content. Surprisingly we observed that number of cells in 

S phase were higher in HEK 293 cells t ransfected with Nek1 Figure 3.16. We reasoned t his is 

feature of genes causing polycyst ic kidney disease (PKD). This can be reconciled from the 

fact polycystin1 knockout leads to PKD and transgenic mice overexpressing polycystin1 also 

develops PKD. We reasoned this is feature of genes causing PKD. This can be reconciled 

from the fact that polycystin 1 knock out and transgenenic mice overexpressing polycystin 1 

also leads to PKD. We reasoned this is the case with Nek1 where knock down and 

overexpression leads to more number of cells inS phase. 



Figure 3.16 Nek1 overexpression increases the number of cells in 
S phase 

A.HEK 293 cells were transfected with Vector ond Nekl myc his. 48 hours later cells were 

harvested and analyzed for DNA content by Propidium iodide staining. B. Graphical 

representation of cells inS phase. Data: n 3, Mean+/- SD 
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Nekl knock down cells have replicat ion stress and Checkpoint activat ion. 

A delay in S phase progression is generally caused by replication stress and 

checkpoint activation [64,65]. So, replication stress could be one of the possible 

explanations for the S phase delay in Nek1 deficient cells. Replication stress 

generally results in H2AX phosphorylation possibly due to generation of double 

strand breaks[64]. We found that yH2AX levels increased dramatically in Nek1 

deficient HEK293cells (Figure 3.17a). Replication stress can also lead to Chk1 

activation, which is a major regulator of S phase progression [64,65]. We found 

increased Chk1 phosphorylation in untreated Nek1 deficient cells (Figure 3.17b lane 

2). This Chk1 activation was further increased in both control and Nek1 deficient 

cells during DNA damage response after treating with CPT (Figure 3.17b). 

Importantly, RTE cells from Kat2J mice also showed increased yH2AX levels and Chk1 

phosphorylation under normal conditions (Figure 3.18a lane 1&2). These results 

suggest that Nek1 deficiency results in replication stress and checkpoint activation, 

which might contribute to the S phase delay observed in these cells. Western blot 

analysis of important cell cycle regulators showed no difference in CDK1 and CDK2 

phosphorylation (Figure 3.17b and Figure 3.18) in Nek1 deficient cells. Some 

differences were observed in the Cyclin 01 and Cyclin E levels in Nek1 deficient cells 

(Figure 3.19), but due to the profound proliferation defect in Nek1 deficient HEK 293 

cells, it is currently not possible to test if these effects are a cause or consequence of 

Nek1 deficiency and the resulting S phase delay. However, these results provide 
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evidence for the first time that Nekl might be essential for Gl/5 and S phase 

progression during normal cell cycle. 



Figure 3.17 Nek1 deficient cells have replication stress. 

A J/EK 293 cells were transfected with control and Nekl ShRNA and cell lystaes 

were collected at 60 and 96 hrs posttransfection Lysates were analyzed for phospho 

I 12AX Nekl knock down efficiency and f3 actin as loading control. B. HEK 293 cells 

were transfected with control and Nekl ShRNA, 72 hrs later cells were treated with 

100 nm Comptothesin for 2 and 4 hrs and lystaes were immunoblotted for p chkl 

S3.J5, Nekl and Cyclophilin B .. 
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Figure 3.18 Nek1 deficient cells have replication stress. 

A. Rena/tubular epithelial cells from WT and Kat!1 mice were treated or not with 100 

nm Comptothesin for 2hrs and lystaes were irnmunoblotted for p chkl S317, S345 

and cyclophilinB. B.HEK 293 cells were transfected with control and Nekl ShRNA. 

Celllysates were collected 72 hours post transfection and analyzedfor P CDK2 Yl5, 

Nekl and actin as loading control. 
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Figure 3.19 Nek1 knock down affects multiple cell cycle regulating 
pathways 

A. Schematic diagram showing signaling regulating the G1-S transition. Cyclin 01 

along with COK4 phosphorylate retinoblastoma protein and inhibit it leading to cell 

cycle progression from G1 to 5 phase. COK2 along with eye/in E and Cyclin A regulate 

G1 to 5 transition. COK2 along with Cyclin A regulate 5 phase progression. Cyclin 01 

is targeted for proteasomal degradation once cells enter 5 phase of the cell cycle. 

B.HEK 293 cells were transfected with control and Nek1 ShRNA and synchronized by 

double thymidine block. Whole cell lysates were collected at 0 and 8 hours after the 

release from the block and analyzed for Nek1, phospho Retinoblastoma, Cyclin E, 

Cyclin A, Cyclin 01, phospho COK1 and phospho COK2, cyclophilin 8 was used as 

loading control. 
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Nekl activation and localization to the chromatin. 

Nekl is known to localize to the nucleus [14], although it is not clear if it is present 

on chromatin. Since Nekl seems to play a role in the S phase progression, we asked 

if the Nekl localizes to chromatin during normal S Phase and during replication 

stress. As shown in the Figure 3.20a, Nekl is present on chromatin in asynchronous 

cells and Nekl accumulates on chromatin during normal S phase and during 

aphidicolin induced replication stress. In vitro kinase assay showed that Nekl activity 

increased during replication stress (Figure 3.20b and Figure 3.20c). These results 

suggest that Nekl localizes to chromatin during DNA replication and its activity 

increases during replication stress. Next, we tested if Nekl is involved in the 

expression and chromatin localization of important DNA replication proteins. 

Initiation of DNA replication is a multi-step process involving the sequential binding 

of origin recognition proteins, MCM2 loading, CDC45 binding and DNA polymerase 

recruitment Fig 3.21 [GG].We synchronized HEK 293 cells by double thymidine block 

and isolated the chromatin. We found a consistent, but a slight decrease in both t he 

expression and chromatin loading of MCM2 protein in Nekl deficient cells (Figure 

3.22 and 3.23). The expression and loading of CDC45 and PCNA was not significantly 

altered. It is presently unclear if this relatively low change in MCM2 expression and 

loading in Nekl deficient cells has any role in the proliferation defect observed in 

these cells. 



Figure 3.20 Nek1 activity increases during replication stress and 
localizes to chromatin 

A. I IEK 293 cells lvere synchronized by thymidine block and Aphidicoli. Nekl was 

immunoprecipitated and /mmunoprecipilation kinases was carried out using beta 

casein aas substrate B. Graphical representation of Nekl kinase activity from 

asynchronous and APH treated cells. Data: n 3, Mean t/- SD, *P<.05. C.HEK 293 

cells were synchronized by thymidine block, thymidine block and releases for -1 hours 

and by Aphidicolin. Chromatin was isolated from synchronized cells and analyzed 

for Nekl loading. 
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Figure 3.21. Schematic diagram of DNA replication fork. MCM2-7 complex loads 

on to chromatin which unwind the DNA. The single strand DNA is bound by RPA70 

protein. Cdc45, PCNA and polymerase load on to DNA to initiate DNA replication 

(Adapted from http://www. fli-leibniz. de/www biochemlteaching. htm I ) 
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DNA replication 



Figure 3.22 Nek1 knock down affects expression and loading of 
DNA replication factors on to chromatin 

A. HEK293 cells transfected with control and Nekl ShRNA. Cell lysates were 

collected 72 hrs post transfection and analyzed for expression of Ku 80, PCNA, 

CDC45 and MCM2. B. HEK 293 cells transfected with control and Nekl ShRNA 

were synchronized by double thymidine block, chromatin was isolated and analyzed 

for localization of MCM2, CDC45 and PCNA. 
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Figure 3.23 Nek1 deficient cells have decreased loading of DNA 
replication factors on to chromatin 

Rena/tubular epithelial cells from WT and Kaf1 mice were grown to similar density; 

chromatin was isolated and analyzed for localization of DNA replication factors 

MCM2, CDC45, PCNA and Histone 2A was used as loading control. 
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Nekl interacts with Ku80 and regulates it s chromatin loading. 

The role of Nekl in cell cycle progression is not known. Our results indicate that 

Nekl might have important role inS phase progression in renal cells. To gain further 

mechanistic understanding of the role of Nekl in cell cycle regulation, we immune

precipitated Nekl from cells in different phases of cell cycle and identified 

interacting proteins by mass spectrometric analysis. One of the protein identified 

from this study was found to be Ku80 (Figure 3.23a). To further confirm this result, 

we co-immunoprecipitated Nekl and found that Ku80 interacted with Nekl as 

detected by immunoblotting (Figure 3.23b). Fezl, a previously identified Nekl 

interacting protein [67] was also found to interact with Nekl in these experiments. 

Ku80 is protein that plays important role in DNA replication and repair. In order to 

understand the biological significance of this interaction, we analyzed the Ku80 

protein level in Nekl deficient cells. We found that Nekl deficiency did not result in 

any obvious change in the Ku80 protein levels (Figure 3.23a). Interestingly, we found 

that chromatin localization of Ku80 was significantly reduced in Nekl deficient 

Hek293 cells and Kat2J cells (Figure 3.24). These results raise the possibi lity t hat 

Nekl is involved in the chromatin localization of Ku80 protein during normal cell 

cycle progression. 



Figure 3.24 Nek1 interacts with KuBO 

A. HEK293 cells stably expressing Myc tag Nekl were synchronized by thymidine 

block and AP H treatment, Nekl was lrmnunoprecipitated using rnyc tag antibody, 

resolved on NUPAGE gradient gels and stained using silver stain. Novel bands were 

cut and analyzed by mass spec analysis As-Asynchronous, TM-Thymidine block, 

TM+ 3hr-Thymidine block and release 3hours, NOCO-Nocodazole , APH

Aphidicolin, Bead- Bead control. 7&8 Input, Ab- Antibody. B. lmmunoblot of 

Immunoprecipitated and CO-/P proteins using myc tagged Nek. AS: Asynchronous, 

TM: Thymidine blockAPH: Aphidicolin. lmmunoblot shows Nekl, Ku80 and Fez/. 
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Figure 3.25 Nek1 affects KuBO chromatin localization. 

A. Renal tubular epithelial cells from WT and Kafl mice were grown to similar 

density; chromatin was isolated and analyzed for localization of KUBO. B. HEK 293 

cells transfected with scrambled and Nek1 ShRNA were synchronized by double 

thymidine block. Chromatin was isolated from synchronized cells and analyzed for 

loading of KUBO loading. 
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Centrosomes fail to duplicate in Nek1 knock down cells. 

Nek 1 has been known to localize to centrosome and cause duplication of centrosomes [17]. 

Centrosomes duplicate in S phase along with DNA, prolonged S phase arrest leads to 

amplification of centrosomes [68]. Since Nek1 knockdown HEK293 cells have delayed/arrested 

S phase we hypothesized t hat S phase arrested cells should have multiple centrosomes. We 

treated HEK293 cells with Aphidicolin for 24 hr for S phase arrest and compared with Nek1 

knock down cells. The centrosomal duplication was significantly less in Nek1 knockdown cells 

(Figure 3.25). 



Figure 3.26 Nek1 knock down cells fail to duplicatejamplify 
centrosomes. 

A. HEK293 cells grown an cover slip were tranfected with scrambled and Nekl 

ShRNA. Cells were fixed in methanol 72 hours after transfection and stained for 

centrosomes using Gamma tubulin antibody. Centrosome duplication was compared 

with HEK 293 cells treated with Aphidicolin to induce 5 phase arrest. Asynchronous 

cells treated with aphidicolin were used as positive control. B. Graphical 

representation of percentage of cells with centrosomal duplication/amplification. 
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Discussion 

The overall goal of my thesis project was to investigate if Nekl and VHL are part of a 

common regu latory pathway and identify any novel function of cell cycle regulation 

by Nek1. Our results clearly indicate that Nekl phosphorylates VHL in-vitro. Mass 

spec analysis of phosphorylated VHL revealed Nekl phosphorylates VHL on multiple 

sites. Our results showed Nek1 affects VHL stability through proteasomal 

degradation. Cycloheximide chase revealed $168 of VHL a site phosphorylated by 

Nekl affects its stability. Further RCC cells expressing mutant VHL express stable cilia 

resistant to serum stimulation and Nocodazole treatment. This study has also 

unraveled a novel function of Nekl in unperturbed cell cycle progression. Nekl 

knock down inhibited proliferation in HEK293 cells. Cell cycle analysis revealed Nek1 

knock down cells had prolonged S phase and defective Gl to S phase progression. 

Chromatin analysis revealed Nekl localizes to chromatin and this increases during 

replication stress. Kinase assays showed Nekl activity increases during replication 

stress suggesting Nek1 is activated and localizes to chromatin during replication 

stress. Biochemical analysis revealed Nekl interacts with Ku80 and regulate 

chromatin loading of ku8o and other replication factors. These results characterize 

novel role's of Nekl in cilia and cell cycle regulation. Further these results have 

opened a new area in understanding the pathophysiology of polycystic kidney 

disease and short-rib polydactyl syndrome caused by mutations of Nekl. 
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Nek1 phosphorylates VHL to promote its proteasomal 

degradation and ciliary destabilization. 
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Nek1 is the first member of the NIMA related kinases expressed in higher organisms. 

Nek1 mutations leading to loss of function cause polycystic kidney disease in mice 

and short rib polydactyl syndrome in humans [15,16]. Nek1 is involved in ci lia 

dynamics. Overexpression of Nek1 leads to resorption of cilia and cells f rom Nek1 

deficient mice have abnormal cilia. Nek1 substrates in cilia dynamics are unknown. 

Von Hippel landau protein a classical tumor suppressor is also involved in 

ciliogenesis. Losses of function VHL mutations lead to loss of cilia and cystic renal 

disease. However, the regulation of VHL itself is largely unknown. In this study we 

tested the possibility of direct regulation of VHL by Nek1 and our results suggest VHL 

is regulated by Nekl. Nek1 phosphorylated VHL invitro Fig 3.18. Mass spectrometry 

analysis showed that Nek1 may phosphorylate VHL at multiple sites including serine 

threonine and tyrosine residues Fig3.1C. Further co-IP assay indicated Nek1 interacts 

with VHL Fig3.2 suggesting direct regulation of VHL by Nek1. Overexpression of 

Nek11ed to the decrease in pVHL, which was rescued by Bortezomib, suggesting that 

Nek1 promotes proteasomal degradation of pVHL Fig3.3. However, in the in vitro 

kinase assay, mutation of a specific site (Serine-168, 183 and tyrosine 175} did not 

significantly attenuate Nek1-mediated pVHL phosphorylation. In order to find the 

specific site regulating VHL stability we generated non phosphorylatable mutations 

to 5168, Y-175 and S-183 and analyzed their stability by cycloheximide chase. Our 



63 

results showed that 5168A mutant was more stable Fig3.5compared to WT and 

other mutants suggesting phosphorylation at 5168 by Nek1 may lead to proteasomal 

degradation of VHL. Our attempt to produce phospho 5168 VHL antibody were 

unsuccessful, as a result further evidence for Nek1-mediated phosphorylation of 

pVHL in vivo has yet to be established. Previous studies suggest pVHL is regulated 

by casein kinase-2, glycogen synthase kinase-3, and checkpoint kinase-2 through 

phosphorylation [36,41,69-71]. Phosphorylations of pVHL by these kinases affect 

pVHL stability and/or its interaction with other proteins [36,41,69-71]. Our current 

results suggest that Nekl may be a new protein kinase that phosphorylates and 

regulates pVHL. Mechanistically Nek1 promoted VHL degradation independent of 

HIF regulation Fig3.6A, suggesting the residual pVHL may be sufficient for HIF 

regulation. Next we asked if VHL mutants are defective in targeting HIF degradation. 

To this end we reconstituted 786-0 cells (renal carcinoma) with WT and mutant VHL. 

Mutant VHL was as effective as WT VHL in targeting HIF for degradation Fig3.6B 

suggesting Nek1 regulation of VHL by phosphorylation may not be a mechanism for 

HIF regulation. In order to test the possibi lity of cilia regulation we reconstituted 

RCC4 cells with WT and Mutant VHL. Both WT and 5168A VHL were capable of 

growing cilia. However, RCC cells expressing S168A VHL were more stable compared 

to the WT resistant to serum stimulation and Nocodazole treatment fif3.7 and 3.8. 

These results suggest Nek1 regulates ciliary homeostasis by phosphorylating VHL. 

Previous studies showed that overexpression of Nekl inhibits ciliogenesis, but the 

underlying mechanism is unclear [17,19]. Our observations suggest that Nek1 may 
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suppress cilia by phosphorylating pVHL, which is critical to microtubule stabilization 

and ciliary stabi lity. 

Nek1 is an essential regulator of S phase progression. 

Never in mitosis gene A was first isolated in fungal mutants that failed to enter 

mitosis. Fungal NIMA regulates various aspects of the cell cycle. Nek's are the 

mammalian orthologues of NIMA which perform the function of NIMA and have 

been recently implicated in regulation of cell cycle. Nekl is the first member of 

NIMA related protein kinases. Nekl mutations cause polycystic kidney disease and 

short rib polydactyl syndrome in humans characterized by renal cysts. An important 

aspect of polycystic kidney disease is abnormal proliferation and loss of polarity. The 

abnormal proliferation could be result of ciliopathy or cell cycle defects. The present 

study has deciphered a novel role of Nekl in cell cycle progression using cell culture 

models. The two major findings of our study are: 1. Nekl binds to the chromatin 

during DNA replication, its activity increases during replication stress and it interacts 

with DNA repair proteins like Ku80. 2. Nekl depletion results in severe S phase 

delay, replication stress and a block in cellular proliferation. The fungal NIMA protein 

and most of the human Nek proteins including Nek2 have been implicated in the 

regulation of G2-M progression [12,72]. Our study shows that in contrast with other 

Nek proteins, Nekl has a divergent and unique function in S phase progression. 

The fungal NIMA protein is a key regulator of mitotic entry[4]. In mice and humans, 

11 distinct Nek genes are expressed [5,72]. Some of the Nek genes like Nek2 have 
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been well characterized and seem to have regulatory role during mitosis [5,12,72). 

Most of these proteins are also localized to centrosomes and are thought to regulate 

centrosome functions during mitosis [5,11,12,72). It has been postulated that the 

evolution of multiple Nek genes in humans and mice, might provide novel functional 

roles to Nek kinases [72). We believe that we have provided the first clear evidence 

of a distinct biological function of Nek1 protein. Using Nek1 deficient HEK293 cells, 

U20s cells and renal tubular epithelial cells from Kat2J mice, we show that Nek1 is 

required for normalS phase progression. In HEK293 cells, Nek1 deficiency resulted in 

a profound reduction in proliferation mainly due to the accumulation of cells in the S 

phase {Figure 3.9). Nek1 knock down U20s cells also have defective S phase 

progression after synchronization (Figure 3.15). These effects were observed using 

two distinct shRNA's, indicating that these effects are indeed specific. We were 

unable to rescue the phenotype in Nek1 knockdown cells by Nek1 overexpression, 

mainly due to the fact that Nek1 overexpression itself caused abnormal nuclear 

morphologies as described previously and increased numbers of cells in S phase 

{Figure 3.16). However, the accumulation of increased number of cells in the S phase 

and replication stress in Kat2J cells provides additional evidence that these 

observations are mainly due to Nek1 down-regulation. Thus, Nek1 has an important 

role in S phase progression during normal cell cycle. 

The molecular mechanism responsible for severe S phase defects in Nek1 deficient 

cells is not clear. However, we found that Nek1 deficiency resulted in replication 

stress as shown by increased yH2AX staining and Chk1 activation under normal 
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growth conditions (Figure 3.18). These results show that Nek1 deficiency results in 

replication stress and checkpoint activation. Checkpoint activation can result in both 

cell cycle arrest and a block in DNA replication especially during DDR [64]. Our study 

suggests that the Chk1 activation in Nek1 deficient cells could contribute to reduced 

S-M progression (Figure 3.18 and 3.19). However, at the same time, DNA replication 

is not inhibited in Nek1 deficient cells. BrdU staining (Figure 3.11 and 3.13) showed 

that Nek1 deficient cells had replicating DNA and cell cycle analysis showed that 

Nek1 deficient cells are spread throughout the S phase (Figure 3.10). These results 

indicate that Nek1 deficiency results in S phase delay, checkpoint activation and 

reduced rate of DNA replication probably due to replication stress. Since Nek1 knock 

down cells had prolonged S phase we tested if there is amplification of centrosomes 

in these cells. Interestingly centrosomes failed to amplify in Nek1 knockdown cells 

although they had prolonged S phase suggesting Nekl is needed for centrosome 

duplication. 

Nek1 is localized to nuclear foci during DNA damage response [21]. However, the 

sub-cellular localization of Nekl during normal DNA replication is not known. Here, 

we provide evidence that Nek1 is localized to the chromatin during normal DNA 

replication and its chromatin levels increase during replication stress (Figure 3.20). 

Nekl kinase activity also increases during replication stress, suggesting that Nekl 

might have critical role during normal DNA replication. Interestingly, another 

member of the Nek family-Nekll also shows increased kinase activity during 

replication stress [73] and has been suggested to have a role in checkpoint activation 
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during DDR [74,75]. However, Nekll knockdown does not lead to any obvious cell 

cycle defects [74], while Nek1 deficiency results inS phase delay, indicating that they 

have divergent biological functions. 

Previous studies have shown that Nek1 interacts with multiple proteins like 14-3-3, 

MREll and 53BP1 that are essential for DNA replication/repair [76]. We found that 

Nek1 interacts with Ku80 and this interaction increases during normal DNA 

replication and during replication stress (Figure 3.23). Biochemical fractionation 

studies indicate that Nek1 deficient cells have reduced chromatin localization of 

Ku80 protein. Ku80 has been implicated to play a role in Gl/S progression and DNA 

replication [77-80]. Ku80 deficient cells also exhibit reduced proliferation [77,80]. 

However, in contrast to Nek1 deficient cells, Ku80 deficient cells seem to have G1/S 

defects. It is presently unclear, how Nek1 regulates Ku80 function and if this has any 

role in the defective S phase progression during Nekl deficiency. Interestingly, a 

recent study showed that another member of the Nek family-Nek4 interacts with 

Ku80 [81], however in contrast to Nek1, Nek4 does not seem to regulate Ku80 

localization to the chromatin. Future studies are required to determine if Ku80 and 

other Nek1 interacting proteins like MREll, 53BP1 and 14-3-3 are Nek1 substrates 

and if Nek1 regulates any of these proteins during normal cell cycle and during DNA 

damage response. 

Identification of the role of Nek1 in S phase progression has important implications. 

Nekl mutations in mice results in multiple defects including dwarfing, male sterility, 
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anemia, cystic choroid plexus and cystic kidneys [61]. More importantly, Nek1 

mutations have been implicated in development of short rib polydactyl syndrome in 

humans [62]. The short rib polydactyl syndrome is a lethal disease characterized by 

neonatal dwarfism, skeletal abnormalities, renal cysts and genital abnormalities. 

Thus, Nek1 deficiency results in very similar phenotypes in both mice and human 

patients and suggests that Nek1 has essential and critical biological functions. It 

would be very important to understand the molecular mechanisms responsible for 

these defects. Due to the presence of renal cysts in Nek1 deficient mice, it has been 

suggested to play a role in centrosome regulation and ciliogenesis [18,62,72,82,83]. 

However, both DNA replication and centrosome duplication occurs during S phase. 

Interestingly, recent studies have linked cell cycle regulation, DDR and ciliogenesis in 

multiple renal pathologies [60]. Aberrant cell cycle regulation could be the reason 

for defects observed in renal ciliopathies. 

Nek1 deficient mice are viable, but display profound and pleiotropic defects [61]. 

This suggests that the role of Nek1 in S phase progression might be restricted to 

certain cell types. It is currently unknown, why Nek1 would be required for cell cycle 

progression in certain cell types. However, it is possible that Nek1 regulates 

ciliogenesis and cell cycle progression in cells/tissues which have specific ciliary 

functions like germ cells and renal cells. Finally, we believe that we have provided 

the first evidence that Nek1 is required for S phase progression. These observations 

not only have important implication in determining the functional role of Nek in cell 
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cycle progression, but also are important in understanding the role of Nekl in 

human diseases. 
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Conclusion 

Nekl is the first member of NIMA related kinases in mammals. Nekl mutations 

cause polycystic kidney disease in mice and short rib polydactyl syndrome in 

humans. It is suggested that Nekl functions in ciliogenesis and DNA damage 

response. However downstream targets of Nekl in ciliogenesis and Nekl role in cell 

cycle regulation is unknown. Our results indicate that VHL may be downstream 

target of Nekl in cilia regulation. Further Nekl is a novel kinase involved in DNA 

replication and S phase progression. Nekl expression and activity increase during 

replication stress. Nekl loading on to chromatin also increases during S phase and 

replication stress. Nekl interacts with and regulates chromatin localization of ku80 

an important protein involved in DNA replication and repair. In addition Nekl also 

affects chromatin loading of MCM2 a DNA helicase involved in DNA unwinding 

during replication. Based on our results we propose a model for Nekl regulation of 

cell cycle (Figure 4.1) where Nekl is needed for S phase progression where it 

regulates DNA replication and centrosome duplication which are coupled .Further 

Nekl regulates cilia resorption through VHL degradation. 

Overall our results have unraveled novel function of Nekl in cilia and cell cycle 

regulation which help in understanding the pathophysiology of polycystic kidney 

disease and other developmental disorders associated with Nekl mutation. 
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Figure 4.1 Nekl is essential in S phase of the cell cycle for DNA replication, centrosome 

duplication and cilia resorption. Cilia resorption is mediated through VHL phosphorylation. 
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