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CHARACTERIZING THE PATHWAYS FOR INTERACELLUAR TRAFFICKING
AND NUCLEAR FUNCTION OF CYSTIN USING TANDEM AFFINITY PURIFICA-
TION
JACOB ASHER WATTS
GENETICS, GENOMICS, AND BIOINFORMATICS
ABSTRACT

Autosomal recessive polycystic kidney disease (ARPKD; MIM 263200) is a ma-
jor cause of pediatric morbidity and mortality. Typically, orthologous animal models are
the mainstay for pathogenic studies of human diseases. However, gene-targeting of
Pkhd1, the mouse ortholog of the ARPKD gene, results in mutants with little or no kid-
ney disease. In contrast, disruption of the non-orthologous gene, Cysl, in the cpk mouse
model closely phenocopies human ARPKD. We speculate that this phenotypic similarity
suggests that the Pkhd1 and Cys1 genes encode proteins (FPC and cystin, respectively)
that share, at least in part, common molecular pathways. Our laboratory, as well as oth-
ers, has shown that both proteins are cilia-associated and involved in regulated trafficking
from the cilia to the nucleus, where they modulate specific gene transcription.

The current study was designed to identify cystin-binding partners and character-
izing the pathways for cystin intracellular trafficking and nuclear function. To identify
interacting partners, we undertook an agnostic approach using tandem affinity purifica-
tion (TAP). A stable mIMCD-3 cell line was generated expressing a cystin TAP con-
struct. TAP was performed (n=4) on cell lysate from cells grown to optimize cilia expres-
sion. A combination of SDS-PAGE, Spyro Ruby staining, western blotting, and mass
spectrometry was used to identify putative interacting partners. GST-pulldown experi-

ments have confirmed a direct interaction between cystin and Importin al, Importin a2,
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and Importin 2. We also present data that implicates cystin in the regulation of Pkhdl
splicing. Finally, we were able to identify and characterize a novel functional interaction
between cystin and the ciliary GTPase, Arl3.

Together, these data extend our initial observations regarding cystin interactions
and implicate its function in cilia-associated and nuclear transport-related protein com-
plexes. Taken together, these data suggest that cystin and its putative interacting partners
e.g., Arl3, define one or more protein complexes and/or pathways that are critical for re-

nal tubular homeostasis and are involved in recessive PKD pathogenesis.

Keywords: cystoproteins, cystin, tandem affinity purification (TAP), trafficking, polycys-

tic kidney disease, cilia
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CHAPTER 1
INTRODUCTION
Primary Cilia and the Ciliopathies

Primary cilia are small, evolutionarily conserved, membrane-bound organelles
projecting from most eukaryotic cell types. The cilium is structurally subdivided into dif-
ferent compartments: the basal body, the transition zone, axoneme, as well as the ciliary
membrane, and the tip (Figure 1.1)[1]. The cilium emanates from the basal body, a mod-
ified centriole anchored to the apical plasma membrane and protrudes from the surface of
the cell contiguous with the plasma membrane. Although the ciliary membrane is con-
tinuous with the cellular plasma membrane, it contains its own coterie of proteins and a
unique lipid composition[2, 3]. The core of the cilium consists of a highly organized ax-
oneme made up of microtubule doublets that extend from the basal body, which served as
a ballast, securing the axoneme to the cell[4, 5].

Multiple studies have demonstrated that the cilium is a hub of signaling activity,
playing a role in several pathways including hedgehog, mammalian target of rapamycin
(mTOR), and possibly canonical and noncanonical Wnt signaling[6]. Primary cilia have
many different important functions, including left-right developmental patterning, as well
as serving as mechanosensors, photosensors, and chemosensors, responding to various
stimuli, such as luminal flow in the adult kidney, and eliciting a response within the
cell[7-13]. A number of proteins associated with renal cystic disease, such as polycystin-

1, polycystin-2, fibrocystin/polyductin complex (FPC), 1ft88 and cystin have been



demonstrated to localize to the primary cilium in renal epithelial cells (Figure 1.2)[14,
15]. Structural or functional disruptions in the cilium result in a group of disorders re-
ferred to as the ciliopathies[16-18]. The term ciliopathies is a broad classification, en-
compassing a diverse group of disorders with a wide array of phenotypic presentations.
However, a subset of the ciliopathies present with renal cystic disease as well as portobil-
lary tract dysgenesis. These phenotypic observations prompted Suchy and others to clas-
sify this clinically significant subset of disorders the hepatorenal fibrocystic disorders
(HRFD)[19, 20]. Nephronophthisis, Joubert syndrome, Meckel-Gruber syndrome, and
Bardet-Biedl syndrome are all examples of HRFD, but the flagship disorder of the HRFD
is polycystic kidney disease (PKD).

PKD is a group of heterogeneous single-gene disorders transmitted as either auto-
somal dominant or autosomal recessive traits. While the formation of fluid-filled cystic
structures in the kidney is a common feature, several other key features, including severi-
ty of disease, age of onset, and extrarenal manifestations distinguish the dominant and
recessive disorders. Autosomal dominant polycystic kidney disease (ADPKD, MIM
173900) is a typically late-onset disorder, with an incidence of 1:1,000. The majority of
cases (~85%) results from mutations in PKD1, while the remaining ~15% of cases are
caused by mutations in PKD2[21]. Autosomal recessive polycystic kidney disease
(ARPKD, MIM 263200) is less prevalent that ADPKD, with an incidence of 1:20,000
live births. However, though less common, it is a far more severe disorder, typically pre-

senting in utero or in the early postnatal period.
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Figure 1.1: The structure of the cilium. A primary cilium of retinal pigment epi-
thelial cells visualized using transmission electron micrograph (A). Immunoflu-
orescence image of primary cilia in inner medullary collecting duct cells show-

ing the cilium (green) anchored to the basal body (magenta) with cell-cell junc-

tions (red) (B). Scanning electron micrographs of mouse nodal cilia (C) and
mouse tracheal motile cilia (D). An artistic schema of the structure of the cilium

(E). In cross-section schemas, the motile cilium with the central pair of micro-
tubules (F) and the primary, non-motile cilium (G).
Image from “Ciliogenesis: building the cell’s antenna”

Nature Reviews Molecular Cell Biology 12, 222-234 (April 2011)
Reprinted with permission from Nature Publishing Group
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Autosomal Recessive Polycystic Kidney Disease
Phenotypic Presentation

ARPKD is a pleiotropic, early onset disorder that presents in utero or the early
neonatal period with an incidence rate of 1:20,000 live births. However, it is more com-
mon in certain populations, i.e., Finnish and Afrikaans [22-24]. It is a leading cause of
renal-related morbidity and mortality among children, including end-stage renal disease.
The affected patients typically present with bilateral enlarged, echogenic kidneys result-
ing from the formation of fluid-filled, epithelial-lined cysts in the collecting duct of the
nephron, with a loss of corticomedullary differentiation due to medullary hyperecho-
genicity[25]. Often, affected fetuses present with oligohydramnios, likely a result of poor
fetal urine output due to impaired renal function[22, 25]. Oligohydraminos can lead to
intrauterine constraint resulting in the “Potter sequence”, the syndromic presentation of
craniofacial abnormalities, limb defects, and pulmonary hypoplasia, the latter of which is
responsible for the estimated perinatal mortality rate of 30%[26, 27]. One-year survival
rates of 92-95% have been reported in patients that survive the first month of life[28].

In addition to the renal manifestations, liver involvement invariably occurs in pa-
tients with ARPKD, though the severity and clinical presentation varies. The primary
lesion involves malformation of the ductal plate, a developmental defect characterized by
defective remodeling of the ductal plate with intrahepatic duct dilatation and progressive
portal tract fibrosis[29]. Portal tract fibrosis may lead to portal hypertension, hypersplen-
ism, and gastroesophageal varices[28, 30]. The relationship between the severity of the

renal and hepatic phenotype in patients with ARPKD defies direct correlation. However,



patients that present with late-onset ARPKD typically have a predominant liver pheno-
type with either little to no renal involvement[26, 27, 31, 32].

While renal and hepatobiliary structural abnormalities are the key phenotypic fea-
tures of recessive PKD, a number of other manifestations have been associated with
ARPKD. Growth impairment/retardation has been reported in affected children. How-
ever the correlation between the proportion of growth impairment and disease severity
remains to be established[27, 33, 34]. Systemic hypertension has also been described in
children with ARPKD and typically precedes the decrease in glomerular filtration rate. A
higher risk of urinary tract infections, particularly in females, has been reported with rates
of ~20% to 50% in various cohorts[27, 35-37]. There have also been reports of intracra-

nial aneurisms, though they are very rare[38-40].

Genetics of ARPKD

All typical cases of ARPKD are caused by mutations in a single gene, polycystic
kidney and hepatic disease gene 1 (PKHD1)[41]. Located on chromosome 6p21.1-p12,
PKHD1 spans over 470-kb of genomic DNA. The transcriptional profile of PKHDL1 is
complex; 19 exons have been reported to have alternative splicing boundaries and pub-
lished data from our laboratory demonstrates that PKHD1 and its mouse orthologue,
Pkhd1, undergoes extensively alternative splicing[41, 42]. The longest open reading
frame of PKHD1, consisting of 67 exons, encodes FPC, a 4059 amino acid, single-pass
transmembrane protein predicted to have a long extracellular N-terminus (containing
multiple Ig-like, plexin, transcription factor domans (IPT) and parallel beta-helix (PbH1)

repeats) and a shorter cytoplasmic C-terminal tail[43, 44]. FPC is has different expres-



sion patterns based on developmental age: during fetal development, FPC is predomi-
nantly expressed in the neural tube, early ureteric bud, mesonephric tubules, and imma-
ture hepatocytes[45, 46]. In the adult kidney, FPC is primarily expressed in the collect-
ing duct and thick ascending lopes of Henle within the kidney, the bile duct epithelia of
the liver, and the pancreas[43, 44, 47, 48].

The function of FPC is unknown, however a number of features of this protein
suggest intriguing hypotheses. FPC localizes to the apical primary cilium and basal body
in renal tubular cells, along with a number of other cystoproteins[15, 43, 48-52]. Disrup-
tions in many of these proteins or the cilium itself are responsible for the ciliopathies,
suggesting that the primary cilium and its protein components serve a central role in the
proper development and maintenance of renal tubule structures. The early expression
pattern of FPC suggests that perhaps FPC has a role in the early stages of organ develop-
ment and tubular morphogenesis. Published data has described an interaction between
polycystin-1 and polycystin-2, the proteins encoded by the ADPKD disease genes PKD1
and PKD2, respectively[53]. FPC has been shown to interact with polycystin-2, seem-
ingly regulating its expression and function[54]. Indeed, mice with mutations in both
Pkhd1 and either Pkd1 or Pkd2, show a more severe cystic phenotype as compared to
mice with a single mutation[54]. Finally, a subset of membrane-bound FPC appears to
undergo Notch-like processing resulting in the nuclear localization of the C-terminal tail,
and the shedding of the extracellular N-terminal domain into the tubular lumen[55]. The
bi-directional release could be part of a signaling cascade required for proper ciliary func-

tion. While there are many possible functions of FPC, more directed functional studies



are limited due to the size and transcriptional complexity of FPC, as well as a lack of reli-
able immunoreagents.
To date, nearly 750 pathogenic mutations in PKHD1 have been catalogued in the

ARPKD Mutation Database (http://www.humgen.rwth-aachen.de), with missense muta-

tions accounting for approximately half of the reported mutations. There is great diversi-
ty in the reported ARPKD mutations with pathogenic mutations identified along the full
length of the gene. While mutational hotspots are not characteristic of this disease gene,
the most common mutation, ¢.107C>T (p.Thr36Met), accounts for nearly 20% of all mu-
tated alleles. The diversity of mutations in patients with ARPKD makes deciphering a
genotype-phenotype correlation very difficult. Indeed, most patients are compound het-
erozygotes, having inherited a different pathogenic allele from each parent[28, 56]. De-
spite both the mutational diversity and compound heterogeneity, several phenotypic pat-
terns have been identified. Patients that have inherited two truncating mutations appear
to have a more severe disease phenotype, resulting in perinatal mortality[57-61]. How-
ever, there are notable exceptions, for example a child who is homozygous for a large
PKHD1 deletion surviving well past the neonatal period[62]. While truncating mutations
appear to be the most harmful, missense mutations do not always present with a milder
phenotype[63]. A number of missense mutations have been described which, when
paired with a truncated mutation or in a homozygous form, present with a severe disease

phenotype[26, 58, 64].


http://www.humgen.rwth-aachen.de/

Mouse Models

Experimental animal models are a mainstay in the study of genetic diseases.
However, experimental studies using mouse models of ARPKD are hindered due to the
complex molecular profile of Pkhd1, the mouse orthologue of the principal human dis-
ease gene. Like the human PKHD1, Pkhd1 is an enormous gene and has been shown to
have a complicated splicing profile. To date, there have been eight mouse models gener-
ated, most using standard gene targeting approaches to produce putative Pkhdl null ani-
mal, and one model that arose from a truncating mutation in exon 48 (Table 1.1). In ad-
dition to these targeted mouse models, the PCK rat model, that arose spontaneously in the
Crj:CD/SD background due to an exon skipping event involving Pkhd1 exon 36, result-
ing in a frame shift mutation[47, 65]. However, these murine models present with a con-
founding array of phenotypic manifestations that do not accurately phenocopy the human
lesion (Table 1.1). While the liver involvement is invariable in all of these animals, the
renal disease is highly disparate, particularly in mice, which manifest either no renal in-
volvement or very mild renal disease localized to the proximal tubules instead of the col-
lecting duct. Notably, many of the mouse mutants also present with severe ductal disease
of the pancreas. In contrast, clinically significant pancreatic disease is rare in human
ARPKD.

The transcriptional complexity of Pkhd1 may prevent standard gene-targeting
strategies from generating a truly null allele. NCBI’s ORF Finder

(http://www.ncbi.nlm.nih.gov/gorf/gorf.html) suggests that there may be alternative

translational start sites (TSS) in Pkhd1 which, when coupled with the extensive alterna-

tive splicing, could result in new transcripts that are capable of generating functional


http://www.ncbi.nlm.nih.gov/gorf/gorf.html

isoforms[42]. For example, the Pkhd1™ "

mouse, which was generated by replacing
the first three exons of Pkhd1 with a lacZ reporter, exemplifies the confounding effect
that alternative splicing can have on standard gene-targeting approaches. Homozygous
Pkhd1"™" mice progressively developed renal cystic disease and were considered to be
a Pkhd1 null based on standard RT-PCR [66]. However, upon further study, Boddu, et
al. was able to demonstrate the existence of Pkhdl amplicons that included exons distal
to a putative TSS in exon 37 in the Pkhd1"™*" mouse using alternative RT-PCR based
strategies[42].

Along with alternative splicing, genetic background also appears to have a signif-
icant impact on the severity of the renal lesion in rodents. The PCK rat fails to express
the renal lesion when the mutation is transferred from the original Sprague-Dawley back-
ground onto the Fawn-Hooded background, though the liver phenotype remains un-
changed[67]. In addition, the Pkhd1 del3-4 mouse model showed severe renal disease
with high rates of lethality during the initial outbreeding of the founder heterozygotes.
However, these phenotypes disappeared upon inbreeding [68]. These studies, which
demonstrate an attenuation of disease based on genetic background, suggest that genetic
modifiers module the expression of the renal cystic disease phenotype[45].

While disruption of the orthologous PKHD1 gene in rodents has yet to produce an
accurate and reliable experimental model of recessive PKD, at least two non-orthologous
models have been reported that do phenocopy the human disease with respect to both the
renal and biliary lesions. The BALB/c polycystic kidney (bpk) mouse arose from a splic-
ing defect in one of the two isoforms of Biccl, resulting in the partial functional disrup-

tion of the RNA-binding protein, bicaudal C[69]. The second model, the congenital pol-
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Table 1.1: Mouse Pkhd1 models

Type Symbol Investigator  Mutation Pkhd1” Kidney Other

Targeted Allele  Pkhd1™ "™  R. Buettner Exon 40 skipping viable none Liver*

Targeted Allele  Pkhd1™<"® C.J. Ward Exon 2 skipping viable PT dilatation  Liver*, Pancreas**
Targeted Allele  Pkhd1™°%  G.G. Germino Exon 3-4 deletion PL(29% TALandCD Liver*, Pancreas**

survive)
Targeted Allele  Pkhd1™°"™ G.Wu Exon 15-16 deletion viable PTand MCD  Liver*
dilatation

Targeted Allele  Pkhd1™®™  S. Somlo Exon 4 deletion viable  none Liver*, Pancreas**
Targeted Allele  Pkhd1™*"' S.S. Williams  Exon 1-3 deletion viable PT dilatation  Liver*

Targeted Allele  Pkhd1™“**  C.J. Ward Transcription termination intron 2 viable ~ PT dilatation  Liver*
Spontaneous Pkhd1™" L.M. Guay- Exon 48 (¢.7589delGGinsT) viable none Liver*

Allele Woodford

Compiled from the Mouse Locus Catalogue http://www.informatics.jax.org/allele/summary?markerld=MG1:2155808

PL = Partial perinatal lethality

PT = Proximal tubule; TAL = Thick ascending limb; CD = Collecting duct; MCD = Medullary collecting duct;

Liver* = Intra-hepatic biliary ductal dysgenesis; Pancreas** = Intra-pancreatic ductal dysgenesis

Reprinted from Journal of Pediatric Genetics, 3(2), Guay-Woodford, LM, “Autosomal recessive polycystic kidney disease: the proto-
type of the hepatorenal fibrocystic diseases” 89-101, 2014, with permission from 10S Press.


http://www.informatics.jax.org/allele/summary?markerId=MGI:2155808

ycystic kidney (cpk) mouse results from a spontaneous mutation in the Cys1 gene, which
encodes the protein cystin. The cpk mouse has become the most extensively character
mouse model of ARPKD due to its faithful recapitulation of the human disease pheno-
types, however little is known about the molecular function of cystin. It remains to be
determined whether cystin and bicaudal C function in a similar molecular pathway with

FPC, as the similarities in their disease phenotypes would suggest.

Cystin

Cystin, the protein encoded by Cys1, is a 145 amino acid, lipid-raft associated
protein primarily expressed in the kidney and liver[70]. Cystin has an N-terminal
myristoylation domain, two nuclear localization signals (NLS), and a ciliary localization
signal (CLS). The five amino acid CLS, AXEGG, has been validated as a functional mo-
tif and is unique to cystin[71]. Cystin colocalizies to the primary cilium along with sev-
eral other cystoproteins, including FPC[15]. N-terminal myristoylation is thought to be a
critical functional component of cystin, having been shown to be necessary but not suffi-
cient for its ciliary localization. Indeed, the CLS works together with myristoylation in
ensure proper ciliary localization. The myristoylation domain also works in concert with
the polybasic domain to act as a membrane anchor, allowing cystin to associate with the
ciliary membrane. When the myristoylation domain is ablated, cystin exhibits increased
nuclear localization[71, 72]. Previously published data from our laboratory have demon-
strated that the regulated release of cystin from the ciliary membrane is accomplished via
a myristoyl-electrostatic switch, a molecular mechanism that has been extensive charac-

terized in the MARCKS proteins[71, 73]. More recently, unpublished data from our la-
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boratory suggests that exchange protein directly activated by cAMP (EPAC) phosphory-
lates cystin at serine 17, causing a change in the overall charge of the polybasic domain,
prompting cystin to dissociate from the ciliary membrane and traffic to the nucleus, alt-
hough the molecular mechanisms that underlie this nuclear localization have yet to be
defined.

Expanding on these data, our laboratory recently published a study that provided
the first evidence of a nuclear function for cystin. In 2013, Wu et al. described and char-
acterized a novel functional protein interaction between cystin and necdin within the nu-
cleus. By interacting with necdin, cystin is able to antagonize the stimulatory effect that
necdin has on the P1 promoter of c-Myc, effectively regulating the expression of c-
Myc[72]. This finding was particularly significant because elevated c-Myc expression,
first described in the Cys1®¥** kidneys, has become a hallmark feature of cystic epithe-
lia[51, 66, 74-83]. These data suggest that the cystic phenotype observed in the cpk

mouse may be due, at least in part, to dysregulation of c-Myc expression.

Purpose of Research
ARPKD is a leading cause of renal-related morbidity and mortality among chil-
dren, including end-stage renal disease. Pkhd1-targeted rodents models have yet to relia-
bly recapitulate the recessive PKD renal phenotype.. Non-orthologous mouse models
provide an alternative experimental system, but require more mechanistic investigation
before they can be fully utilized. The phenotypic similarities between the cpk mouse and
human ARPKD suggest that cystin and FPC may function together in the same molecular

complex. However, whether there is a direct and/or functional interaction between these
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two proteins remains unknown. The hypothesis underlying this project is that cystin,
through interactions with its nuclear binding partners, plays a key role in epithelial differ-
entiation; likely through targeted gene regulation facilitated by the interactions between
cystin and its nuclear binding partners. Consequently, loss of cystin function results in
cystogenesis.

The goals of our studies were to identify and characterize novel interacting part-
ners of myristoylation-deficient cystin and to examine the relationship between cystin
and its interacting partners in the context of nuclear import and function(s). The charac-
terization of novel protein interactions will help elucidate the intracellular functions of
cystin, thereby providing new insights into the molecular mechanisms responsible for the

cystic phenotype observed in the cpk mouse, which phenocopies human ARPKD.

Summary of Dissertation

The data presented in this dissertation demonstrate that cystin interacts with nu-
clear import machinery, providing the first mechanistic evidence for the nuclear import of
cystin. In addition, our data implicate cystin in the regulation of the alternative splicing
of Pkhd1l, providing a potential connection between the pathogenesis of the kidney lesion
of the cpk mouse and human ARPKD. Lastly, the studies herein identify a novel func-
tional interaction between cystin and the ciliary GTPase, Arl3. This functional interac-
tion provides new insights into the intracellular trafficking of cystin, as well as suggesting
a mechanistic link between two previously unrelated mouse models of recessive PKD.
Together, these data provide further evidence that the cpk mouse is an informative model

to dissect the pathways involved in the pathogenesis of recessive PKD.
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CHAPTER 2
TANDEM AFFINITY PURIFICATION OF CYSTIN, THE CILIARY PROTEIN DIS-
RUPTED IN THE CPK MOUSE MODEL OF POLYCYSTIC KIDNEY DISEASE,
SUGGESTS ITS ROLE IN SPLICING REGULATION OF PKHD1.
by
JACOB A. WATTS, LANDON S. WILSON, TOBY W. HURD, KARA N. ARBO-
GAST, AMBER K. O’CONNOR, P. DARWIN BELL, AND LISA M. GUAY-
WOODFORD
Abstract
Autosomal recessive polycystic kidney disease (ARPKD; MIM 263200), a major
renal-related cause of pediatric morbidity and mortality, is caused by mutations in
PKHD1. Experimental models are a mainstay for studies of human diseases, however,
gene-targeting of Pkhd1l results in mice with little or no kidney disease. In contrast, dis-
ruption of the Cysl gene in the cpk mouse closely phenocopies human ARPKD. Despite
the species differences in PKHD1/Pkhd1 renal disease expression, the phenotypic simi-
larities between the renal lesion in human ARPKD and the cpk mouse have prompted us
to speculate that the protein products of Pkhdl and Cysl, fibrocystin/polyductin complex
(FPC) and cystin, respectively, function in common molecular pathway(s). The current
study was designed to identify cystin-binding partners and the pathways that regulate the
intracellular trafficking and nuclear function of cystin. To identify cystin-interacting

partners we employed tandem affinity purification (TAP) using mIMCD-3 cells express-

ing a NSFTAP-cystin construct, which contains a 4.6 kDa tag comprised of two Strep and
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one FLAG domain on the N-terminus of a myristoylation-deficient cystin mutant (cyst-
ing2a). This mutant form of cystin is unable to stably associate with the membrane and
demonstrates enhanced nuclear trafficking. Among the nuclear proteins identified using
TAP, direct interactions were found between cystin and the nuclear-entry regulatory pro-
teins, importin al, a2, and 2. In addition, a number of proteins with splicing-related
functions were also identified. Given previous studies in our laboratory that demonstrat-
ed Pkhdl is transcriptionally complex, we examined the splicing profile of Pkhd1 using
RT-PCR in immortalized collecting duct cell lines isolated from wild type and Cys1ePH/epk
kidneys. Our data demonstrate that the splicing profile of Pkhd1 is altered in the absence
of cystin. Taken together, these data indicate that cystin localizes to the nucleus via im-
portin-regulated pathways and our initial observations implicate a role for cystin in the
transcriptional regulation of Pkhd1. If confirmed by further studies, this would be the first

experimental evidence functionally linking cystin and FPC

Introduction
The polycystic kidney diseases (PKD) are single-gene disorders characterized by
the development of epithelial-lined cysts in the kidney and liver. PKD is a leading cause
of end stage renal disease in both children and adults, and is transmitted as either an auto-
somal dominant (ADPKD) or autosomal recessive (ARPKD) trait[1]. ADPKD (MIM
173900) affects 1:1,000 individuals, with a majority of cases (85%) being caused by mu-
tations in PKD1 and the remainder caused by mutations in PKD2[2]. ARPKD (MIM

263200) is less frequent, with an incidence rate of 1:20,000 live births[3]. The recessive

16



form of PKD is caused by mutations in a single gene, PKHD1, which encodes the protein
fibrocystin/polyductin complex (FPC)[4].

A number of mouse models have been generated with mutations in Pkhd1, the
mouse orthologue of the human disease gene. However, these orthologous mouse models
do not express the typical ARPKD-like phenotype. While the liver involvement is pre-
sent, the renal disease is either completely absent or mild and late-onset, with cysts form-
ing in the proximal tubules rather than the collecting ducts[5]. A non-orthologous animal
model, the congenital polycystic kidney (cpk) mouse phenocopies human ARPKD and
has become the most extensively characterized mouse model of ARPKD[6]. The cpk
mouse arose from a spontaneously occurring frame shift mutation in the Cysl gene,
which encodes the protein product cystin[7]. Cystin, a myristoylated protein, co-localizes
within the primary cilium with several other known cystoproteins, including Pkhd1[1, 8].
In previous studies, we have demonstrated that cystin associates with the ciliary mem-
brane through lipid-raft microdomains and that this association is regulated by a
myristoyl-electrostatic switch mechanism. When cystin is released from the ciliary mem-
brane, it traffics to the nucleus, where it functions as a transcriptional regulator of c-Myc
expression[9].

The phenotypic similarities observed between the cpk mouse and human ARPKD,
resulting from a loss of cystin or disruptions in FPC, respectively, suggests that these pro-
teins may function together in common molecular pathway(s). To date, no direct or func-
tional interaction between cystin and FPC has been identified. Indeed, the intracellular
functions of cystin and FPC remain largely undefined, with potential studies of FPC cur-

rently limited by its transcriptional complexity and the paucity of robust immunoreagents.
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Therefore, we sought to elucidate the functions of cystin by identifying its interacting
partners using a modified approach to tandem affinity purification (TAP). This method-
ology was originally described for identifying protein complexes in yeast, however it was
limited by several shortcomings that rendered it inefficient in mammalian cells[10, 11].
The original TAP tag was 21 kDa, and due to its large size, increased the risk of improper
protein folding and false interactions. In addition, the original tag contained both a cal-
modulin binding peptide (CBP) domain and a tobacco etch virus (TEV) protease cleavage
site, each presenting unique problems in mammalian cells. Calmodulin is an endoge-
nously expressed protein involved in a number of signaling pathways that will bind to the
CBP moiety, resulting in false positive purification results[12]. The TEV domain re-
quires protease cleavage, increasing handling and the likelihood of sample loss or con-
tamination. To obviate these shortcomings, several changes to the tag and protocol were
made. The new TAP tag generated by Gloeckner and colleagues, SFTAP, is only 4.6
kDa and consists of two Strep tags and a FLAG tag that can be added to either terminus
of the protein of interest[13]. This tag also lacks the CBP moiety, and does not require
TEV cleavage, making the protocol more efficient[13, 14].

In order to focus on the interacting partners of cystin that are involved in its intra-
cellular trafficking, as well as to begin elucidating its putative nuclear functions, we used
a myristoylation-deficient cystin mutant (cystingza). This “G2A” mutant lacks the
myristoylation site on its N-terminus and is unable to stably associate with lipid-raft mi-
crodomains in the ciliary membrane, which results in enhanced trafficking of cystin to the
nucleus. In the current study, we used mIMCD-3 cells stably transfected with an N-

terminal tagged SFTAP cysting2a (henceforth referred to as NSFTAP-cystin) as our bait
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protein. We were able to successfully purify our bait protein, as well as identify a num-
ber of putative cystin interacting partners. Using this data set we validated multiple mo-
lecular and physical interactions. Therefore the data presented in this study serves as the
foundation for developing a network of cystin-interacting proteins. Analysis of these
networks should provide new mechanistic insights into cystin functional pathways related
to normal physiological pathways and recessive PKD-related processes. The data pre-
sented in this study serves as the foundation for developing a network of protein interac-

tions involving cystin and its role in ARPKD.

Materials and Methods
Solutions:

TBS: 30mM Tris-CL pH 7.4 and 150mM NaCl, stored for up to one month at
room temperature. FLAG elution buffer: 200pg/mL FLAG peptide (Sigma-Aldrich,
F3290) in TBS stored at -20°C. TAP lysis buffer: 0.5% Nonidet P-40 (Fluka, 74385) and
protease inhibitor (Roche, 118361700001) in TBS, made fresh for each use. TAP wash
buffer: 0.5% nonidet P-40 in TBS, made fresh for each use. TEN: 50mM Tris pH7.5,
0.5mM EDTA, & 0.3M NaCl) supplemented with IM DTT, 10mg/mL Lyzozyme, prote-
ase inhibitors and 200uL of 10%NP40. MgNacCl: (1.5M NaCl, 12mM MgCl2) PBSGD:
(PBS + 10% glycerol + ImM DTT). Triton X-100 lysis buffer: 150mM NaCl, 50mM

Tris-HCI, pH 7.4, 10% glycerol and 1% Triton X100).
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Reagents

Microspin columns (GE Healthcare, 27-3565-01), Strep-Tactin Resin (IBA, 2-
1206-002), Desthiobiotin elution buffer “10x buffer e” (IBA, 2-1000-025), anti-FLAG
M2 agarose (Sigma-Aldrich, A2220), SYPRO-Ruby Stain (Life-Technologies, S12000),

and precast SDS-PAGE gels (Life-Technologies, NP0335BOX).

Cell Culture, DNA Constructs, and Transfections

Mouse IMCD-3 cells (ATCC, CRL-2123) were grown in DMEM/F-12 (Life
Technologies, 11320-033) with 10% heat-inactivated fetal bovine serum and 1% penicil-
lin/streptomycin. Myristoylation-deficient cystin cDNA[15] was cloned into the
NSFTAP vector (generously provided by Dr. Roepman[14]); the empty NSFTAP vector
was used as a negative control. To generate the stable NSFTAP cell lines, both con-
structs were transfected into 90% confluent mIMCD-3 cells using Lipofectamine 2000
(Life-Technologies, 11668027) following the manufacturer’s protocol. After 48 hours,
the media was replaced with normal culture media supplemented with G418 (Life-
Technologies, 11811031 used at 300 pg/mL). Resistant cells were then maintained under
G418 (200ug/mL) selection for all subsequent experiments. Full-length Pkhdl tagged
with N-terminal VSV-G and C-terminal V5 in pcDNA 5/FRT/TO (LifeTechnologies)

was generously provided by Dr. Feng Qian.

20



Antibodies
Polyclonal rabbit anti-cystin (70053) described previously[15] and the polyclonal
rabbit anti-GFP (Life Technologies, A-11122) were both used at a 1:1000 dilution in 5%

milk in PBS + 0.1% Tween20.

TAP Protocol, SDS-PAGE, and In-gel Staining

TAP was preformed per [14], reducing the number of washes to two. Briefly, two
15 cm plates of NSFTAP cells were grown for five-days post confluence and then lysed
in the TAP lysis buffer, scraped to collect, and pelleted by centrifugation. The cleared
lysate was then incubated with the Strep-Tactin Superflow Resin using end-over-end ro-
tation for 12-18 hours. The lysate was washed twice with TAP wash buffer and then the
proteins were eluted from the beads using a desthiobiotin elution buffer. The resulting
eluate was then incubated for 3 hours with the anti-FLAG-M2 agarose, followed by two
more rounds of washes. Finally, the purified proteins were eluted from the anti-FLAG-
M2 resin using a FLAG elution.

The lysate was mixed with the NuPage Sample Buffer and Reducing agent (Life-
Technologies, NP0007 & NP0009) per manufacturer's protocol for a final volume of
160uL. The lysate was loaded into a Novex Bis-Tris 4-12% 10-well pre-cast gel (Life-
Technologies, NP0335BOX). To accommodate the large volume of lysate, one partition
was removed between two wells to make a double-sized well. Following 35 min of elec-
trophoresis at 200V, the gels were briefly washed twice with ddH,0 and then fixed in

40% methanol/10% acetic acid/50% water for 1 hour. The fixative was removed and the
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gels were stained in Sypro-Ruby (LifeTechnologies S12000) stain for 12-18 hours (cov-
ered, light sensitive). The gels were destained for at least 3 hours in 10% methanol/7%
acetic acid, all while continuously being protected from light. Silver staining was done
using the SilverQuest staining kit (LifeTechnologies LC6070) following manufacturer's

protocol.

In-gel Digestion

SDS gel bands were excised and excess stain was removed by an overnight wash
in a 1:1 mixture of 100 mM ammonium bicarbonate and acetonitrile. After destaining,
disulfide bonds were reduced by incubation in 25 mM dithiothreitol at 50°C for 30 min.
Alkylation of the free thiol groups was carried out with 55 mM iodoacetamide for 30 min
protected from light. The gel pieces were washed twice with a 100 mM ammonium bi-
carbonate for 30 min each and dehydrated in a SpeedVac (Savant) before the addition of
the enzyme. Trypsin at 12.5 ng/pl (Promega Gold Mass Spectrometry Grade) was added
to each gel sample and incubated overnight at 37°C. Peptides were extracted from the gel
pieces by two incubations in a 1:1 mixture of 5% formic acid and 50% aqueous acetoni-
trile for 15 min each. The extracts were pooled and the buffer evaporated away before

the samples were resuspended in 20 pl of 0.1% formic acid prior to MS analysis.

NanocHiPLC-tandem Mass Spectrometry
An aliquot (4 pL) of each digested sample was loaded onto a Nano cHiPLC

200pum x 0.5mm ChromXP C18-CL 3um 120A reverse-phase trap cartridge at 2 pL/min
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using an Eksigent autosampler. The cartridge was washed for 4 min with 0.1% formic
acid in ddH»0. The bound peptides were flushed onto a Nano cHiPLC column 75um x
15¢cm ChromXP C18-CL 3pum 120A with a 90 min linear acetonitrile gradient (5-50%) in
0.1% formic acid at a rate of 300 nl/min using an Eksigent NanolD+ LC. The column
was washed with 90% acetonitrile + 0.1% formic acid for 10 min followed by 5% ace-
tonitrile + 0.1% formic acid for 10 min. The HPLC system and components were pur-
chased from Eksigent in Dublin,CA.

The Applied Biosystems 5600 Triple-Tof mass spectrometer (AB-Sciex, Toronto,
Canada) was used to analyze the protein digest. The IonSpray voltage was set to 2300 V
and the declustering potential was at 80 V. Ionspray and curtain gases were set at 10 psi
and 25 psi, respectively. The interface heater temperature was 120°C. The eluted pep-
tides were subjected to a time-of-flight survey scan from 400-1250 m/z to determine the
top twenty most intense ions for MSMS analysis. Product ion time-of-flight scans at 50
msec were carried out to obtain the tandem mass spectra of the selected parent ions over a
range from m/z 400-2000. Spectra were centroided and de-isotoped by Analyst software,
version TF (Applied Biosystems). A B-galactosidase trypsin digest was used to calibrate
the analysis.

In-house MASCOT database searches were carried out using the Mus musculus
genome from the UniProt database. The mass tolerances for precursor scans and MS/MS
scans were set at 0.05 Da. One missed cleavage for trypsin was allowed. A fixed modi-
fication of carbamidomethylation was set for cysteine residues; and a variable medication
of oxidation was allowed for methionine residues. Proteins with at least one individual

peptide MOWSE score of <40 was considered significant.
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Generation of recombinant GST-Importin Constructs

GST-Importin al, GST-Importin a2, and GST-Importin B2 constructs were trans-
formed into One Shot Chemically Competent BL21(DE3) cells (Life Technologies,
C6000-03). Cultures were grown to an OD of 0.4-0.6 and protein expression was in-
duced by 0.1 mM IPTG for 4-6 hours. The cells were spun down at 4000g for 10 minutes
and the pellet is resuspended in ice cold TEN. The pellet was frozen at -80°C overnight
and when thawed 15mL MgNaCl supplemented with Img/mL DNAse is added. The ly-
sate was mixed by gentle agitation for several hours at 4°C and finally centrifuged at
20000g for 20 minutes at 4°C, the recombinant protein was confirmed to be present in the

cleared lysate.

Immobilizing GST-proteins to beads and GST-pulldown

For each construct, 500-600uL of gluthathione-sepharose slurry (GE Healthcare)
is washed three times in cold PBS and spun down at 500g for 2 minutes. The bacterial
lysates containing the purified recombinant GST-Importin al, GST-Importin a2, and
GST-Importin B2 constructs are added and incubated at 4°C overnight with gentle agita-
tion. The slurry was then spun down at 500g for 2 minutes at 4°C and washed four times
with PBS + 1% TX100 for five minutes. The beads are then washed twice with PBSGD
and then resuspended in PBSGD to a 50% slurry and stored at -80°C.

For GST-pulldowns experiments, COS-7 cells (ATCC, CRL-1651) transiently
transfected with Cystin-eGFP were lysed Triton X-100 lysis buffer freshly supplemented
with both protease and phosphatase inhibitors. After centrifugation, Sug of the GST-

tagged protein beads were added to the lysates and incubated with gentle agitation over-
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night at 4°C. The GST-beads were washed, eluted, and subjected to SDS-PAGE analy-

Sis.

Pkhdl RT-PCR

Cells from confluent cultures of wild type and cpk mTERT cells were frozen in
growth medium (DMEM/F-12 supplemented with 2% FBS, 1% penicillin/streptomycin,
SmL of 100x insulin-transferrin-selenium-G supplement (Simga-Aldrich, 13146), 0.2
mg/mL Dexamethasone (Sigma-Aldrich, D8893-1MG), 20nM 3,3°,5-Triiodo-L-
thyronine sodium salt (Sigma-Aldrich, T6397-100MG), and 10% DMSO). The genera-
tion of the mTERT immortalized wild type collecting duct cells has been previously de-
scribed[16]. Using the published method, the cpk cell lines were mTERT immortalized
in the laboratory of Dr. P. Darwin Bell at the Medical University of South Carolina. The
RNA was purified using the PerfectPure RNA Tissue Kit (5 Prime #2900317), including
the on-column DNase digestion. For RNA isolation, equal cell volumes of wild type and
cpk mTERT cells were thawed, pelleted, and lysed in 400uL of Lysis buffer + TCEP and
purified per the manufacturer’s instructions. The RNA was eluted in 100uL of elution
buffer and quantified. One microgram of RNA was immediately (never frozen) reverse
transcribed into cDNA using the SuperScript III First-Strand Synthesis SuperMix for
qRT-PCR kit (Invitrogen #11752) following the manufacturer’s instructions. The cDNA
was evaluated for genomic contamination using primers in Actin spanning an intron such
that cDNA = 400 bp and the gDNA 600 bp (forward: GGAGGGGCCGGACTCATCG-
TACTC, Reverse: CCGCATCCTCTTCCTCCCTGGAGAA), and for large transcripts

using primers to amplify a 10kb Prkdc product (forward: TCAATTCAC-
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TGCCTGCCTTCTGGA, reverse: TAACTATGCAACCACTGCACTCGC). For the
Pkhd1 analysis, 1uL of cDNA was used in a 20uL AccuStart Taq DNA Polymerase HiFi
PCR reaction (Quanta #95085) with an extension time of 12 minutes per cycle, 35 cycles,
and a ramp rate of 1.5°C/s (DNA Engine Ramp setting on the BioRad C1000 chassis) us-
ing Pkhd1 specific primers for the longest open reading frame (forward: CATTT-
GAGGCACAAGGCTGACACA, reverse: CTGAGGTCTGGGCGTAACAG). The RT-
PCR products were evaluated on a 0.8% agarose in TBE gel including 1X Sybr Safe

(Invitrogen S33102) for 35 minutes at 160V.

Results
Overview of TAP protocol
An overview of the protocol used in this study is outlined in Figure 2.1A. Prior to
purification, we analyzed the cell lysate for various subcellular markers by western blot,
indicating that proteins from the cytoplasm, membrane, and nucleus were released during

cell lysis and are represented in the lysate (data not shown).

Cystin is purified and retained through TAP protocol

To assess the efficacy of the purification, samples from each step of the protocol
were subjected to SDS-PAGE for in-gel staining. As shown in Figure 2.1B (upper pan-
el), the TAP protocol substantially reduces the complexity of the protein profile of the
starting lysate. Silver staining was initially used for visualization of the proteins (Figure
2.1B, upper panel). However, silver staining has been shown to negatively impact down-

stream MS analysis by modifying lysine resides within proteins and preventing proper
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trypsin digestion[17, 18]. To circumvent this issue, we stained our samples with SYPRO
Ruby, which has similar sensitivity to silver staining and does not alter protein resides or
interfere with MS analysis (Figure 2.1B, upper panel, far right lane)[19].

To confirm that our bait protein, NSFTAP-cystin, was purified and enriched using
TAP, samples retained from each step of the purification process were subject to im-
munoblotting. Using an anti-cystin antibody, we show that NSFTAP-cystin was present
in the whole cell lysate, in each intermediate elution, and in the final elution (Figure
2.1B, lower panel, arrowhead). Importantly, NSFTAP-cystin was absent from the wash-
es, underscoring the efficiency of the protocol. Taken together, these data show that the
TAP protocol purified NSFTAP-cystin, while reducing the protein profile of the initial

lysate.

Classification of purified proteins

To test the efficacy and reproducibility of this protocol in isolating potential inter-
acting partners of cysting,a, we performed the protocol four times. Using NSFTAP-
cystin, the collective dataset of all four experimental MS runs contained 549 individual
proteins, of which 110 (19%) were found three or more times (Figure 2.2A). To deter-
mine whether our experimental dataset contained false positives, a negative control cell
line expressing the empty TAP vector (without cystin) was subjected to the same purifi-
cation protocol. Following MS analysis, any proteins found in either the negative control
dataset, or a reference list of common “sticky proteins”

(http://www.dkfz.de/gpcf/251.html) were classified as false positives and excluded from

subsequent analysis.
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The subcellular locations and functions, as defined by Uniprot

(http://www.uniprot.org/) and Ingenuity IPA (http://www.ingenuity.com/products/ipa),
were used to further classify the 110 proteins. These proteins are associated with various
subcellular compartments, including the cytoplasm, cilium, nucleus, and mitochondria
(Figure 2.2B). Interestingly, the proteins belong to a variety of functional categories; a
number of which are shown to have a nuclear role, signifying that our NSFTAP-cystin

dataset was enriched for nuclear interacting partners (Figure 2.2C)[9].

Putative nuclear interactome of cystin

The overexpression of c-Myc was first described in the kidneys of cpk mice and
has become a hallmark feature of cystic epithelia[20]. Our laboratory has previously
demonstrated that cystin traffics to the nucleus and regulates c-Myc expression through
its interaction with necdin[9]. To further assess the nuclear functions of cystin, we gen-
erated a string map of the putative interacting nuclear proteins identified with our TAP

protocol using STRING (http://www.string-db.org), a web-based application designed to

visualize both known and predicted protein-protein interactions (Figure 2.3). The puta-
tive cystin-interacting network offers insights into potential nuclear function(s) of cystin

by identifying the molecular complexes within the nucleus with which cystin interacts.

Cystin directly interacts with various importin subunits
The regulatory mechanism by which cystin is trafficked to and subsequently en-
ters the nucleus remains unknown. Previously published analysis of cystin described two

nuclear localization signals (NLS); however only one appears to be functional[15]. In the

28



classic mechanism, active transport into the nucleus is regulated by an importin a:f het-
erodimer. In this mechanism, importin a acts as an adaptor protein, interacting with the
NLS of the cargo protein and subsequently complexing with the B subunit which then
carries the cargo across the nuclear pore complex[21]. Several importin subunits, both o
and 3, were found in our TAP dataset, suggesting they may play a role in regulating the
nuclear import of cystin.

To validate these cystin-importin interactions, we used a GST-pulldown approach
with GST-Importin a1, GST-Importin a2, or GST-Importin B2. Lysates from COS-7
cells that had been transiently transfected with cystin::eGFP were incubated with the im-
mobilized recombinant GST proteins. As shown in Figure 2.4, direct interactions were
observed between cystin and Importin al, a2, and B2. These data provide the first mech-

anistic evidence for a cystin nuclear entry pathway.

Cystin is implicated in the transcriptional regulation of Pkhd1 splicing

Nearly 25% of the nuclear proteins identified by TAP have been linked to splic-
ing-related functions (Figure 2.3, green nodes; Table 2.1). This finding is noteworthy
because our laboratory has previously shown that Pkhd1, the mouse orthologue of the
disease gene involved in human ARPKD, is transcriptional complex[22]. In our original
study, the splicing profile of Pkhdl was evaluated using whole kidneys from age and
gender matched wild type mice. However, the renal lesion in recessive PKD primarily
involves the collecting ducts. Thus, to specifically evaluate the splicing profile of Pkhdl

as it pertains to recessive PKD, we repeated these studies using immortalized collecting
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duct cell lines harvested from wild type and Cys1¥“*™ mice (henceforth referred to as
wild type and cpk mTERT cells, respectively)[16].

Using primers to the longest open reading frame of Pkhd1, RT-PCR was per-
formed on the wild type and cpk mTERT cells. As shown in Figure 2.5, the splicing pro-
file of Pkhd1 is altered in the absence of cystin when compared to the wild type control.
These initial data implicate a role for cystin in the regulation of Pkhd1 splicing and sug-
gest that perturbations in the Pkhd1 splicing profile may contribute to the cystic pheno-

type observed in the cpk mouse.

Discussion

TAP is a powerful proteomic tool that can aid in elucidating the functions of pro-
teins through their associations with other proteins in molecular complexes. In this study,
we sought to define the nuclear functions of cystin. Therefore, we performed TAP on a
myristoylation-deficient cystin, which we have previously shown to have enhanced nu-
clear localization. This construct serves as a useful tool to identify the molecular com-
plexes with which cystin interacts within the nucleus, including those involved in nuclear
trafficking and transcriptional regulation. The interaction map generated from our dataset
reveals novel insights into cellular processes and pathways in which cystin may partici-
pate.

In the classical model of nuclear import, the importin heterodimer, consisting of a
a and 3 subunit, regulates the entry of the proteins into the nucleus through the nuclear
pore complex (NPC). The a subunit binds to the cargo protein while the 3 subunit binds

the o and moves the complex across the NPC. This form of active nuclear transport is
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energy dependent, requiring the hydrolysis of GTP, by the GTPase Ran, to stimulate the
release of the cargo protein from the importin heterodimer once inside the nucleus[23].
However, active transport via the importin heterodimer is not the only method of nuclear
entry. Small particles under 40 kDa can passively diffuse through the NPC[24].

Our studies using the myristoylation-deficient cystin construct with enhanced nu-
clear localization, identified putative interactions between cysting,a and multiple im-
portin subunits. The purification of these importin subunits, along with Ran, suggests
this interaction is likely due to the active transport of cystin into the nucleus. Supporting
this hypothesis, direct interactions between cystin and the importin o subunits were con-
firmed using GST-pulldowns. These data suggest that cystin is actively transported
across the NPC through an importin-regulated process, despite its diffusion permissive
molecular size (<40 kDa).

Interestingly, we also confirmed a direct interaction between cystin and importin
B-2. Previously published data have demonstrated that importin -2 regulates the ciliary
entry of several proteins, specifically the kinesin-2 motor KIF17 and retinitis pigmentosa
2[25, 26]. Direct interaction between cystin and importin -2 suggests that importin (3-2
may be responsible for regulating the entry of the cystin into the cilium. While it is tanta-
lizing to speculate that the cystin-importin -2 interaction is involved in regulated entry
to both the nucleus and the cilium, further studies are required to establish these putative
mechanisms.

Approximately 25% of the nuclear proteins identified in our study are functional-
ly associated with splicing, suggesting that cystin may have a role in this nuclear mecha-

nism. Previously published data from our laboratory demonstrates that Pkhd1, the mouse
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orthologue of the human ARPKD disease gene, undergoes extensive alternative splicing,
and the generation of alternative transcripts may be linked to the pathogenesis of reces-
sive PKD[22]. Therefore, we evaluated the splicing profile of Pkhdl in immortalized
collecting duct cell lines, i.e. wild type and cpk mTERT cells. Using the approach de-
scribed by Boddu et al., we demonstrate that the Pkhd1l splicing pattern is indeed differ-
ent in the cpk mTERT cells when compared to wild type control cells. These data sug-
gest that the cystic phenotype observed in the cpk mouse may be the cumulative result of
several additive factors, e.g., dysregulation of c-Myc expression and perturbations in
Pkhd1 splicing, which both arise from a loss of cystin.

While the altered splicing profile of Pkhdl in the cpk mTERT cells is intriguing,
further analysis is required to validate this finding. The amplicons observed in Figure 2.5
must be subcloned and sequenced to ensure that they are indeed Pkhd1 and not an artifact
of the PCR. In order to verify the authenticity of these amplicons, we will follow the ap-
proach used by Boddu, et al. Briefly, the bands will be excised from the gel, subcloned,
and subjected to restriction enzyme fingerprinting, an essential process, as each amplicon
likely represents more than one transcript. Subsequently the subclones will be grouped
based on the results of the restriction enzyme fingerprinting and a representative subclone
from each grouping will sequenced to ensure that the amplicons are Pkhd1 products that
are in-frame with the longest open reading frame of Pkhd1.

Exons contain splice enhancer (ESE), motifs that are bound by regulatory factors,
such as the serine/arginine rich splicing factor (SRSF) family of proteins, to facilitate
splicesome/mRNA interactions[27]. Boddu, et al. made a critical observation about the

role of SRSF proteins in Pkhd1 splicing, specifically SRSF5. This study demonstrated
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that ablation of the SRSF5 binding motif in exon 51 caused exon skipping, resulting in a
putative frameshift and protein truncation[22]. This observation suggests that SRSF pro-
teins play a critical role in the regulation of alternative splicing.

While none of the SRSF proteins were purified using our TAP protocol, STRING
analysis shows that 7 of 13 splicing-related proteins in our nuclear interactome (Table
2.1) directly interact with SRSF5 (data not shown). Therefore, we speculate that cystin
may function as part of a molecular complex that involves the SRSF proteins, as well as
other splicing-related proteins found in our nuclear interactome (Figure 2.3, green nodes;
Table 2.1). Loss of cystin, such as in the cpk mouse, may disrupt splicing regulatory ma-
chinery, either with respect to stability or function, thereby resulting in the altered splic-
ing profile of Pkhdl observed in the cpk mTERT cells.

The data presented in this study provide new and provocative insights into the
molecular functions of cystin, including mechanisms that regulate its nuclear and perhaps
ciliary trafficking, as well as its potential role in regulating the transcription profile of
genes, like Pkhd1, that undergo extensive alternative splicing. Perhaps most importantly,
these data offer the first insights linking Cys1 and Pkhdl in a common pathway and pro-
vide a rationale for an expanded study of the role that cystin plays in splicing regulation,

particularly of Pkhd1.
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Table 2.1: Proteins involved in splicing identified by TAP

Gene Protein Function

Ddx5 DDX5 Alternative regulation of pre-mRNA splicing

Dx39a DDX39A Involved in pre-mRNA splicing; required for the export of mRNA from the nu-

Hspa8 HSPAS CClgumsponent of the PRP19 complex, an integral part of the spliceosome

Nono NONO Involved in pre-mRNA splicing, probably as a heterodimer SFPQ

Prpl9 Pre-mRNA Processing F19 Involved in the assembly of the spliceosome

Prp31 Pre-mRNA Processing F31 Involved in pre-mRNA splicing, integral part of the spliceosome

Sf3al Splicing Factor 3A S1 Subunit of splicing factor 3A

Sf3a3 Splicing Factor 3A S3 Subunit of splicing factor 3A

Sf3b3 Splicing Factor 3B S1 Subunit of splicing factor 3B

Sfpq SF P/Q-Rich Essential pre-mRNA splicing factor; required in early spliceosome assembly

Snrpa U2 snRNP A Essential of recognition of pre-mRNA 5’ splice-site and spliceosome assembly.

Snrpd2 SM-D2 Core component of the U1, U2, U4, & U5 snRNPs, building blocks of the
spliceosome

Snrpd3 SM-D3 Core component of the U1, U2, U4, & U5 snRNPs, building blocks of the

spliceosome

Protein functions from Uniprot (http://www.uniprot.org/)



Figure 2.1: Tandem affinity purification with NSFTAP-cystin. (A) Overview of TAP pro-
tocol. (B) Samples from the indicated steps of the protocol were assessed by in-gel stain-
ing. Upper panel: silver staining shows a progressive decrease in the total number of pro-
teins in each successive step of the purification. The final elution reveals distinct bands.
For mass spectrometry SYPRO Ruby was used to visualize the proteins (far right lane).
Lower panel: immunoblot analysis using anti-cystin antibodies shows that the tagged cys-
tin (upper band arrowhead) was purified and enriched throughout the protocol. The lower

band is endogenous cystin.

Figure 2.2: Classification of the proteins purified with NSFTAP-cystin. (A) A total of
549 individual proteins were identified, with 110 proteins identified in 3 or more runs.
(B) The 110 proteins originate from a variety of subcellular locations and belong to a

number of different functional categories (C).

Figure 2.3: Putative interaction network of the cystin-interacting nuclear proteins. This
map contains all of the proteins classified as nuclear proteins by Uniprot. Cystin is indi-
cated in blue, the various importin proteins are shown in orange, and proteins with splic-

ing-related functions are highlighted in green.

Figure 2.4: Validation of protein interactions. GST-pulldown experiments were per-

formed to test for interactions between cystin and several of the importin proteins identi-

fied by TAP, confirming interactions between cystin and importin -2, importin a-1, and
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importin 0-2. Retinitis pigmentosa 2 is used as a positive control for GST-pull down ex-

periments based on previously published data[26].

Figure 2.5: Comparative Pkhd1l transcriptome in wild type and cpk mTERT cells. A
splicing profile of Pkhd1 in wild type and cpk mTERT cells was generated by RT-PCR
using primers for the longest open reading frame. The Pkhd1 profile differs in the cpk
mTERT cells compared to the wild type control, with the absence of several amplicons
(red arrows) and as well as the appearance of new amplicons (blue arrows). The longest
open reading frame of Pkhd1 was amplified by PCR using exon specific primers for ex-

ons 1 and 67. The figure represents n=3 experiments.
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Figure 2.2
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Figure 2.4

: EGFP

Blot
Ponceau

RP2-EGFP  Cystin-EGFP

dADA-unsL)
dADT-7dd

7o unrodwy-LSH
10 unaodw -1 SO
74 unaodwy-15o
LSD

7o unaodwif- LSO
o untodurl-L§H
74 unaodwy- 1§
LSO

INPUT

42



Figure 2.5
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CHAPTER 3
CRISPR-MEDIATED KNOCKDOWN OF ARL3 REVEALS A FUNCTIONAL IN-
TERACTION WITH CYSTIN, THE CILIARY PROTEIN DISRUPTED IN THE CPK
MOUSE MODEL OF RECESSIVE POLYCYSTIC KIDNEY DISEASE

by
JACOB A. WATTS, P. DARWIN BELL, AND LISA M. GUAY-WOODFORD

Abstract:

Autosomal recessive polycystic kidney disease (ARPKD; MIM 263200) is a lead-
ing cause of pediatric morbidity and mortality. The cpk mouse, which arose spontaneous-
ly from a frameshift mutation in Cysl, phenocopies human ARPKD and is established as
the best characterized mouse model of recessive PKD. We have previously shown that
cystin, the protein product of Cysl, regulates the expression of c-Myc through its nuclear
interaction with necdin. Using tandem affinity purification strategies, we have identified
the ciliary GTPase, Arl3, as a putative cystin interacting partner. Arl3 has been shown to
regulate the ciliary localization of myristoylated proteins, specifically cystin, and Arl3”
mice present with a renal cystic phenotype similar to that observed in the cpk mouse. In
the current study, we used CRISPR technology in vitro to knockdown Arl3 expression
(ArI3°®SPR) to investigate the interactions between cystin and Arl3. Increased expression
of c-Myc, a hallmark feature of cystic epithelia, was used as a molecular biomarker. Our
data suggest that the cystic phenotype observed in the Arl3”” mouse may be due to dis-

ruption in the association of cystin with lipid microdomains in the ciliary membrane.
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These findings suggest that cystin and Arl3 are involved in a molecular complex required
to maintain normal ciliary signaling and renal epithelial homeostasis and that loss of ei-

ther protein results in cystogenesis.

Introduction

Primary cilia are small, thin, membrane-bound organelles that originate from the
basal body and protrude from the apical plasma membrane of the cell. They are essential
for the proper physiological regulation of a number of cellular and developmental pro-
cesses, €.9., Hedgehog and WNT signaling, as well as left-right patterning and limb de-
velopment. Disruptions in either the structure or function of the primary cilium results in
the onset and progression of a number of diseases, broadly classified as ciliopathies[1-3].
Hepatorenal fibrocystic diseases, a clinically important subset of ciliopathies, are diseases
that present with fibrocystic disease in the kidney and liver, including Nephronophthisis,
Bardet-Biedl syndrome, and Polycystic Kidney Disease[4-6].

Autosomal recessive polycystic kidney disease (ARPKD; MIM 263200) is an in-
herited, monogenic disorder characterized by the formation of cysts arising from ductal
structures in the kidney and liver. In humans, ARPKD occurs due to mutations in the
PKHD1 gene[7, 8]. ARPKD typically presents in utero or in the early post-natal period,
with an incidence of 1:20000 live births, and is a major renal-related cause of morbidity
and mortality in infants and children[9].

In an effort to understand the molecular mechanisms that underlie the pathogen-
nesis of ARPKD, at least eight mouse models have been generated with a variety of tar-

geted mutations in Pkhdl, the mouse orthologue of the human disease gene. The result-
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ant mice, however, are phenotypically distinct and do not accurately phenocopy the se-
vere disease phenotype observed in human ARPKD[10]. While the ARPKD-like liver
phenotype in these mice is invariably present, the renal lesion is either absent or mild,
with cystogenesis involving the proximal tubules instead of the collecting ducts.

Although an orthologous mouse model that phenocopies human ARPKD is not
currently available, the congenital polycystic kidney (cpk) model a closely mimics the
renal and biliary lesions clinically observed in human ARPKD. The cpk mouse results
from a spontaneous frame shift mutation in the Cysl gene, which encodes the protein
cystin[11]. Cystin is a myristoylated protein that associates with lipid microdomains in
the ciliary membrane and co-localizes with fibrocystin/polyductin complex (FPC), the
protein product of Pkhd1, as well as a number of other known cystoproteins[12-14]. Cur-
rent studies in our laboratory have shown that cystin is released from the ciliary mem-
brane by a myristoyl-electrostatic switch mechanism thereby allowing cystin to traffic
from the cilium and undergo nuclear import through interactions with importins (Yang, et
al. 2015 in preparation, Watts, et al. 2015 in preparation)[14].

Recently, we identified the ciliary GTPase Arl3 as a putative interactor of cystin
using tandem affinity purification (TAP) (Watts, et al, 2015 in preparation). Wright, et
al. have demonstrated that Arl3 regulates the ciliary entry of cystin and other myristoy-
lated proteins[15]. Interestingly, Arl3 has also been linked to renal cystic disease, as
Arl3" mice are phenotypically similar to the cpk mouse, with runting, enlarged, cystic
kidneys, and early demise[16]. The phenotypic similarities between the Arl3” and cpk
mice, coupled with the identification of Arl3 has a putative interactor of cystin, suggests

that cystin and Arl3 may be associated together in a functional pathway.
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In the current study, we use CRISPR technology to evaluate the functional inter-
actions between cystin and Arl3, as well as to examine the role of Arl3 in the develop-

ment of renal cystic disease.

Materials and Methods
CRISPR Constructs
The CRISPR vector, pSpCas9(BB)-2A-GFP (PX458), was a gift from Feng
Zhang (Addgene plasmid # 48138)[17]. We used the web-based CRISPR Design tool

developed by Massachusetts Institute of Technology (http://crispr.mit.edu/) to generate

RNA guides to the early coding region of mouse Arl3. The sequence of the guides used
in this study are guide a: 5’ AAAGGACGAAACACCG-
GGAGGTGCGAATCCTACTCC-GTTTAGAGCTAGAA-3’ and guide b: 5°-
AAAGGACGAAACACCG-GAGGTGCGAATCCTACTCCT-GTTTAGAGCTAGAA-
3’. The selected guides were cloned into the CRISPR vector using InFusion cloning

(Clontech, 638909) following the manufacturer’s protocol.

Nucleofection and Cell Culture

To generate the Arl3RISPR ce line, one million mIMCD-3 cells (ATCC, CRL-
2123) were suspended in 82uL of Nucleofector solution R + 18 pL of supplement (Lon-
za, VCA-1001) per nucleofection. Then, Sug of DNA is added to the cell suspension and
the program U-017 on the Nucleofector II (Amaxa) was used. The cells were transferred
into a six-well dish. As a negative control, the empty CRISPR vector without the RNA

guide was used. 18 hours after nucleofection, the cells were sorted by GFP expression to
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select for those cells expressing the Cas9::GFP from the CRISPT vector. As a negative
control for flow cytometry, mIMCD-3 cells were nucleofected without any
CRISPR/guide DNA. The collected GFP-expressing cells, known as Arl3“*"™® were
transferred into a 10cm plate and allowed to grow for five days post-confluence.

The generation of the mTERT immortalized wild type collecting duct cells has
been previously described[18]. Using the published method, the cpk cell lines were
mTERT immortalized in the laboratory of Dr. P. Darwin Bell at the Medical University
of South Carolina. The wild type and cpk mTERT cells were grown in DMEM/F-12 (Life
Technologies, 11320-033) supplemented with 2% heat-inactived FBS, 1% penicil-
lin/streptomycin, SmL of 100x insulin-transferrin-selenium-G supplement (Sigma-
Aldrich, 13146), 0.2 mg/mL Dexamethasone (Sigma-Aldrich, D8893-1MG), and 20nM
3,3’,5-Triiodo-L-thyronine sodium salt (Sigma-Aldrich, T6397-100MG) at 39°C.

Lysates were generated using 600uL lysis buffer [30 mM Tris-Cl, pH 7.4, 150
mM NaCl, 0.5% Nonidet P-40 (Fluka, 74385) and protease inhibitor (Roche,
11836170001)]. The cells were collected and incubated with end-over-end rotation for
30 minutes at 4°C and then spun at >15000rpm in a table top centrifuge at 4°C the
cleared lysate was used for immunoblotting. The concentration of the lysates generated
from the cpk mTERT cells were much lower when compared to the wild type mTERT
cells, thus the cpk lysates were concentrated using Amicon Ultra-4 Centrifugal Filter Unit
(EMD Millipore Cat. No. #UFC800324, following manufacture’s protocol) to allow for

more accurate comparison.

48



Antibodies and Immunoblotting

For immunoblot analysis, 15ug of lystates were mixed with NuPage sample buff-
er and reducing agent (LifeTechnologies, NP0007 & NP0009) per manufacturer’s proto-
col to a final volume of 30 pL and were loaded into a Novex 4-12% Bis-Tris pre-cast gel
(LifeTechnologies). Following 35 minutes of electrophoresis at 200V, the gels were
transferred using the Transblto Tubro Transfer system (BioRad). Membranes were
blocked with 5% non-fat milk in PBS + 0.1% Tween20 for one hour at room temperature
and then incubated for 12-18 hours with primary antibody diluted to 1:1000 in 5% non-
fat milk in PBS + 0.1% Tween20 at 4°C [Arl3:Rabbit anti-Arl3 polyclonal antibody (Pro-
tein Tech, 10961-1-AP); c-Myc: Rabbit monoclonal anti-c-Myc antibody (Abcam,
ab32072)]. Secondary antibodies were added in 5% non-fat milk in PBS + 0.1%

Tween20 for one hour at room temperature.

Cell Cycle Synchronization

To arrest the cell cycle at Gy the normal growth media of the Arl3“**™ cells was
replaced with serum starvation media (DMEM F/12, 0.5% FBS, 1% Penicil-
lin/Streptomycin) for 48 hours. To arrest the cell cycle at G;, 40 uM Simvastatin was
added to the normal growth media for 24 hours. Each synchronization experiment was

performed a total of 3 times.
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Results

Comparative pathology

The Arl3” mice and cpk mice share a characteristic ARPKD-like phenotype.
They present with abnormal renal, hepatic, pancreatic epithelial ductal structures, in-
creased cell proliferation, and cyst formation (Figure 3.1). The cystic dilatation of the
collecting ducts are evident within the first few days of birth, with both Arl3" and cpk
mice present with distended abdomens due to bilaterally enlarged kidneys. Both mutant
animals show a failure to thrive, dying by 3 weeks of age. In addition to this ARPKD-like
renal phenotype, the Arl3” mice also express glomerular cysts and photoreceptor degen-
eration by post-natal day 14, which are not evident in the cpk mouse (Figure 3.1B, black
arrows). These phenotypic similarities, as well as our TAP dataset identifying Arl3 has a
putative interactor of cystin, suggests there may be a functional association between cys-

tin and Arl3.

Generation of an in vitro model system using CRISPR-mediated knockdown of Arl3

To define the putative relationship between cystin and Arl3, we utilized CRISPR
technology to knockdown Arl3 expression in mIMCD-3 cells, thereby generating an in
vitro model that would mimic the Arl3” mouse, allowing us to further assess the physio-
logical changes that result in the absence of Arl3.

Using CRISPR technology, we generated a cell line wherein Arl3 was disrupted

3CRISPR (o]] line was then

using unique RNA guides specific to mouse Arl3 exon 1. An Arl
generated by introducing the CRISPR vectors that expressed both the unique guide se-

quences and Cas9::GFP into mIMCD-3 cells via nucleofection. The expression levels of
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Arl3 were evaluated in the Arl3“®'™® cells by immunoblotting to assess the efficacy of
our in vitro approach. As shown in Figure 3.2B, Arl3 expression was successfully re-
duced by ~98% in the Arl3“**™® cells when compared to the negative control, indicating
that the cells had indeed undergone genomic editing by the Arl3-targeting CRISPR vec-
tor. These data confirm that we have generated a viable in vitro cell system with near

complete ablation of Arl3 expression.

CRISPR-mediated knockdown of ArlI3 results in increased c-Myc expression

Increased c-Myc expression was first observed in the kidneys of the cpk mouse,
and has subsequently become a hallmark characteristic of cystic epithelia[19-30]. How-
ever, the kidney is a complex organ composed of a number of diverse cell types, as well
as vasculature and mesenchymal elements. In both human ARPKD and the cpk mouse
model, renal cystogenesis predominantly involves cystic dilatation of the collecting duct.
Therefore, we assessed the expression levels of c-Myc in immortalized collecting duct
cell lines from wild type and cpk mice (henceforth referred to as wild type and cpk
mTERT cells, respectively), an in vitro system more specific to ARPKD[18].

The wild type and cpk mTERT cells were grown for 5 days post-confluence and
lysed. Equal amounts of protein were subjected to SDS-PAGE and immunoblot analysis
using antibodies against c-Myc. The analysis shows that the expression of c-Myc is sig-
nificantly elevated in the cpk mTERT cells as compared to the wild type control (Figure
3.3A). These data confirm the initial observation made by Cowley et al. in 1991 that c-

Myc expression is elevated in cpk kidneys and is in accordance with previously published
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data from our laboratory that demonstrated c-Myc overexpression in the absence of cys-
tin[31].

We next evaluated c-Myc expression in our Arl3“*5™® cell system. In order to
reduce the heterogeneity of the cell population, we used serum starvation to synchronize
the cell cycle at Gy and induce growth of the primary cilium[32, 33]. Immunoblot analy-
sis of the cell lysates indicated a significant increase in c-Myc expression in the
Arl3REPR cells compared to the negative control (Figure 3.3B). To confirm these data,
we also used simvastatin, a member of the 3-hydroxy-3-methylglutarylcoenzyme CoA
(HMG-CoA) reductase inhibitor class of drugs, which also includes lovastatin. Previous
studies have demonstrated that both simvastatin and lovastatin can be used interchangea-

3CRISPR (ol1s were treated with

bly to arrest the cell cycle at the G; phase[34]. The Arl
40uM simvastatin for 24 hours[35]. As with the serum starvation experiments, im-

munoblot analysis reveals significantly increased c-Myc levels in the Arl3“*™R cells as
compared with the negative control (Figure 3.3C). Having demonstrated that the loss of

CRISPR
3

Arl3 results in increased c-Myc expression in our Arl cell system, we next exam-

ined the influence of cystin on the elevated levels of c-Myc.

Cystin can attenuate c-Myc expression levels in Arl3“RFR cells
Previous published data from our lab demonstrates that cystin can regulate c-Myc
expression through its nuclear interaction with necdin[31]. Having demonstrated that the

. P CRISPR
loss of Arl3 results in increased c-Myc expression in our Arl3

cell system, we next
examined the influence of cystin on the elevated levels of c-Myc. To this end, we exoge-

nously overexpressed a TAP-tagged, myristoylation deficient cystin mutant, NSFTAP-
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RISPR
3CRISPR colls grown under serum star-

cystin, which was previously described, in our Arl
vation (Watts, et al. 2015 in preparation). As shown in Figure 3.4, preliminary im-
munoblot analysis of the cell lysates indicates that the overexpression of NSFTAP-cystin
attenuates the expression of c-Myc in our Arl3“*™® cells reducing the expression to en-
dogenous levels as indicated by the negative control (black bar). Additionally, overex-
pression of cystin can also reduce the expression of c-Myc to below endogenous levels in

3CRISPR Gells, confirming the work done by Wu et al.. Together, these data

our Arl
demonstrate that Arl3 and cystin have a functional interaction and, together, regulate c-

Myc expression.

Discussion

In recent studies, we used a TAP protocol to identify cystin interacting partners in
order to further elucidate the cellular functions of this recessive PKD-associated protein.
While our dataset was enriched for proteins involved in nuclear import and function, pro-
teins from several other subcellular compartments were also identified. Among these pu-
tative interacting partners, the ciliary GTPase, Arl3, emerged as a promising candidate
for further study.

Several studies have identified Arl3 as a key factor in the maintenance and regula-
tion of membrane-associated ciliary proteins[16, 36-38]. Work by Wright et al. have im-
plicated Arl3 as a regulator of ciliary localization of myristoylated-proteins. The protein
of interest in their study was Nphp3, a myristoylated cystoprotein linked to the hepato-
renal fibrocystic disease, nephronophthisis. Cystin, another myristoylated cystroprotein,

was used for proof of concept, further supporting their proposed model for the involve-
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ment of Arl3 in ciliary localization of myristoylated proteins[15]. In Figure 3.5A, we
present a modified version of the model proposed by Wright et al. based on the data gen-
erated in the current study.

In wild type cells, cystin is transcribed on soluble ribosomes where it undergoes
enzymatically driven, cotranslational, N-terminal myristoylation[14, 39]. Once cystin
has been transcribed, UNC119b, a protein that possesses a hydrophobic pocket that ac-
commodates lipid moieties of membrane-associated, post-translationally modified pro-
teins, binds to cystin via its myristoyl moiety[ 15, 40-42]. UNC119b is characterized as a
member of the ‘GDI-like solubilizing factor’ family, a group of proteins that have been
implicated in ciliary trafficking of lipid-modified proteins[41, 43, 44]. The
UNCI119b/cystin complex is trafficked to and internalized by the cilium through a yet to
be defined mechanism. Once inside the cilium, Arl3 binds to the UNC119b/cystin com-
plex, causing a conformational change in the hydrophobic pocket of UNC119b, stimulat-
ing the release of cystin, and thereby allowing for the association of cystin with lipid mi-
crodomains within the ciliary membrane. Following the release of cystin, RP2, the
GTPase activating protein (GAP) of Arl3, activates Arl3 GTPase activity, which causes
the dissociation of Arl3 and UNC119b, with the latter protein subsequently trafficked out
of the cilium.

The function of cystin within the cilium remains unclear; however, work from our
group has established that cystin contains both an active myristoylation domain and poly-
basic domain. We propose that cystin undergoes regulated release from the ciliary mem-
brane via a myristoyl-electrostatic switch after phosphorylation, as has been described for

the MARCKS proteins[45]. Once free of the ciliary membrane, cystin exits the cilium
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and traffics to the nucleus, where it functions to regulate c-Myc expression, and may have
a role in regulating splicing (Watts, et al. 2015 in preparation)[31].

We predict that in our Arl3“RS™®

in vitro system, the initial processes of the regu-
lated localization of cystin would remain intact. Cystin would undergo cotranslational N-
terminal myristoylation and be bound by UNC119b, and the UNC119b/cystin complex
would then be targeted to the cilium. However, as depicted in Figure 3.5B, in the ab-
sence of Arl3, cystin would remain bound to UNC119b. The inability of cystin to be re-
leased from UNC119b would lead to its functional sequestration, thereby disrupting the
physiological functions of cystin. This functional sequestration appears to phenocopy the
loss of cystin, leading to a dysregulation of c-Myc expression, as is observed in the cpk
mTERT cells and the cpk mouse kidney. Based on the data presented in the current
study, we predict that the cystic phenotype observed in the Arl3" mouse results, at least
in part, from a dysregulation of c-Myc expression due to the loss of functional cystin.
We propose that the phenotypic distinctions in the Arl3” mouse, such as glomerular cysts
and photoreceptor degeneration, may result from a dysregulation in the ciliary localiza-
tion of other ciliary proteins, such as Nphp3.

Taken together, our data support the hypothesis that Arl3 serves a critical role in
the localization and physiological regulation of cystin. We have demonstrated that at a
cellular level disruptions in Arl3 expression mimic the loss of cystin and may contribute
to epithelial cystogenesis, at least in part, through a dysregulation of c-Myc expression.

These findings suggest that cystin and Arl3 are involved in a molecular complex required

to maintain normal ciliary signaling and renal epithelial differentiation. Further in vivo
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studies are required to elucidate the mechanisms through which cystin dysregulation con-

tributes to Arl3-related renal cystogenesis.
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Figure 3.1: Comparative histopathology. While both the Arl3” and cpk mouse models
express collecting duct cysts (red arrows) similar to ARPKD, the Arl3” mouse also has
glomerular cysts (black arrows) and photoreceptor degeneration, both features which are
are not observed in either human ARPKD or the cpk mouse.

Panel A: Reproduced with permission from [46], Copyright Massachusetts Medical Soci-
ety

Panel B: Reprinted from “ADP-ribosylation factor-like 3 is involved in kidney and photo-
receptor development.” The American Journal of Pathology 2006 Apr;168(4):1288-98.

Used with permission by Elsevier

Figure 3.2: CRISPR-mediated knockdown of Arl3. (A) Schematic representation of the
CRISPR guide alignment to the coding sequence of mouse Arl3. (B) Immunoblot analy-
sis of Arl3 knockdown in our Arl3“®*"R cells. Guides A, B, and a no-guide negative con-
trol where nucleofected into mIMCD-3 cells, sorted, and the cells were then allowed to
grow for 5 days post-confluence. After lysis, equal protein amounts from each lysate
were evaluated. The expression of Arl3 was effectively reduced by nearly 98% in the
ArI3°RPR cells when compared to the negative control. GAPDH was used as a loading

control. The figure represents n=3 experiments.

Figure 3.3: c-Myc expression in cell lines. (A and B) Immunoblot analysis demonstrates
increased c-Myc expression in Cpk versus wild type mTERT cell lines. (C and D) c-Myc

CRISPR
3

levels are significantly increased in Arl cells after cell cycle synchronization and

primary cilium growth induction following 24 hour serum starvation. (E and F) As con-
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firmation, Arl3“®'*® cells treated with simvastatin, which causes cell cycle arrest and
results in cell cycle synchronization, again demonstrated an increase in c-Myc expres-

sion.

Figure 3.4: Cystin attenuation of elevated c-Myc expression. Immunoblot analysis using

3CRISPR (6lls and

antibodies against c-Myc show that c-Myc levels are elevated in the Arl
can be reduced to endogenous levels (black bar) through the exogenous overexpression of

NSFTAP-cystin. This figure represents preliminary studies, n=2.

Figure 3.5: Schematic model of Arl3 regulation of cystin localization. (A) In wild type
cells, UNC119b binds to the myristoylation domain of cystin and shuttles it to the cilium.
Arl3 binds to UNC119b, stimulating the release of cystin from UNC119b. Cystin is then
able to associate with lipid-raft microdomains within the membrane via its myristoyl-
group and anchor to the ciliary membrane. Through regulatory mechanisms that have yet
to be defined, cystin can be phosphorylated at S17, stimulating its release from the ciliary
membrane and facilitating its trafficking into the nucleus where it can regulate c-Myc ex-

pression. (B) In our Ar]3CRISFR

cell system, cystin would be trafficked to the cilium by
UNCI119b. However, without Arl3 present to stimulate the release of cystin from
UNCI119b, the UNC119b/cystin complex remains intact. The inability of cystin to be
released from UNC119b causes a functional sequestration that disrupts cystin association
with the ciliary membrane and its regulated trafficking to the nucleus. This functional

sequestration would mimic a loss of cystin protein, thus recapitulating the cellular signa-

ture of cystic epithelial, namely the overexpression of c-Myc.
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Figure 3.1
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CHAPTER 4
CONCLUSIONS AND FUTURE DIRECTIONS
The Trafficking of Cystin to and from the Cilium

Our data indicates that cystin localizes to the primary cilium through the coordi-
nated function of the myristoylation domain and the unique ciliary localization sig-
nal[71]. Although the ciliary localization of cystin has been confirmed through a number
of studies, the specific mechanism by which cystin enters the cilium remains unknown.
Interestingly, the studies described in this dissertation demonstrate a direct interaction
between cystin and Importin B2 through GST-pulldown experiments (Figure 2.4). Previ-
ous studies have linked the ciliary import of the kinesin motor protein Kifl7, as well as
the retinitis pigmentosa 2 (RPS) protein to Importin 32[84, 85]. These data suggest that,
like Kif17 and RP2, the ciliary entry of cystin may also be regulated by its interaction
with Importin f2. Further investigation will be required to determine the specific molec-
ular domains involved in the cystin and Importin B2 interaction.

While we have begun to identify some of the entry pathways for cystin ciliary lo-
calization, the molecular mechanisms by which cystin exits the cilium are still unknown.
One hypothesis involves endocytosis at the ciliary pocket, a membrane domain found at
the base of both primary and motile cilia (Figure 1.1). The ciliary pocket was first ob-
served over 50 years ago, but was subsequently ignored. However, recent experimental
studies have reinvigorated interest in its functional role in ciliary trafficking[86]. The

ciliary pocket was named after its morphological and functional similarities with the fla-
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gellar pocket, a unique site for endocytosis and exocytosis in Trypanosomes, a flagellated
protozoan [87]. In Trypanosomes, membrane proteins are internalized by clathrin-
mediated endocytosis from the ciliary pocket[87, 88]. Likewise, in mice, the ciliary
pocket has been linked to vesicular trafficking, and is often characterized by a high densi-
ty of budding clathrin-coated pits, suggesting that the ciliary pocket is involved in clath-
rin-mediated endocytosis[89-91]. Indeed, endocytosis at the level of the ciliary pocket
has been proposed as a mechanism by which proteins exit the cilium and are subsequent-
ly internalized into the cell, either for degradation, intracellular function, or recycling.

A number of proteins involved in endocytosis were identified in our cystin TAP
dataset, further supporting the thesis that endocytosis may be involved in the internaliza-
tion of cystin from the ciliary membrane. We identified several components of the adap-
tor protein complex 2 (AP2), a protein complex involved in the clathrin-mediated endo-
cytosis through cargo selection and vesicle formation[92, 93]. We also identified many
members of the Rab family of proteins, including Rab5c and Rab11, which are responsi-
ble for regulating early endosome formation and recycling endosomes, respectively[94].
The presence of these and other endocytic proteins begs the question: does cystin exit the
cilium through clathrin-mediated endocytosis following membrane dissociation via the
myristoyl-electrostatic switch? Further characterization of the molecular complexes in-
volving cystin and these endocytic proteins is required. If successful, these studies could
provide critical insights into the mechanistic pathways for ciliary exit , which is critical in
furthering our understanding of the trafficking dynamics of cystin, as well as other ciliary

proteins.
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Intracellular Trafficking and Nuclear Localization of Cystin

Our TAP-based studies identified the ciliary GTPase, Arl3, as a putative interact-
ing partner of cystin. This observation is notable for several reasons. First, Arl3" mice
present with renal and biliary phenotypes that are very similar to the phenotypes de-
scribed in the cpk mouse[95]. Second, Arl3 has been identified as a critical protein for
ciliary localization[96]. Third, in the study by Wright et al., Arl3 was shown to stimulate
the release of cystin from UNC119b within the cilium[96]. Taken together, these data
suggest that cystin and Arl3 may function together in a molecular complex that is critical
for the ciliary localization and function of cystin.

In an effort to define this molecular complex, we utilized CRISPR technology to
create an in vitro system with reduced Arl3 expression. Immunoblot analyses of the re-
sulting cells, Arl3“F'"R showed ~98% reduction in Arl3 expression, as well as elevated
levels of c-Myc expression. Corroborating these data, the expression levels of c-Myc
were also elevated in the cpk mTERT cells, an immortalized collecting duct cell line har-
vested from the collecting ducts of cpk mice. These data are concordant with previously
published studies that demonstrated elevated c-Myc expression as a hallmark feature of
cystic epithelia[74].

These findings, together with the data demonstrating that cystin regulates c-Myc
expression, help to define a putative model which expands on the work described by
Wright et al.[72, 96]. In a wild type system, cystin is translated and undergoes N-
terminal myristoylation. UNC119b, via a hydrophobic pocket in the protein’s structure,
binds to the myristoylation domain of cystin. This UNC119b/cystin complex is then traf-

ficked into the cilium through an as yet to be defined mechanism. Within the cilium,
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Arl3 binds to UNC119b causing a conformational change in the hydrophobic pocket that
results in the release of cystin. Arl3 via its GTPase activity, which is activated by RP2,
then dissociates from UNC119b, which is subsequently trafficked out of the cilium. Alt-
hough its precise ciliary function remains unknown, the released cystin associates with
lipid microdomains within the ciliary membrane (Figure 3.4A).

In our Arl3“F*"R in vitro model, we propose that the UNB119b/cystin complex
remains intact due to the loss of Arl3. Thus, cystin is functionally sequestered and, there-
fore, is unable to associate with the ciliary membrane or undergo regulation via its
myristoyl-electrostatic switch. We speculate that this functional sequestration of cystin
phenocopies the loss of cystin, leading to elevated c-Myc expression, which likely con-
tributes to the renal cystic phenotype observed in the cpk and Arl3” mouse (Figure 3.4B).

In order for cystin to traffic to the nucleus, it must be undergo regulated release
from the cilium, likely via the myristoyl-electrostatic switch mechanism, a well-studied
molecular mechanism used to release membrane associated proteins[73]. The myristoy-
lation and polybasic domains within cystin work in concert with one another to anchor
cystin into the ciliary membrane. In addition, recent data from our laboratory demon-
strates that the kinase EPAC phosphorylates cystin at serine 17, which is positioned im-
mediately adjacent to the polybasic domain, RRRRS (amino acids 13-17). This phos-
phorylation event causes a change in the overall charge of the region, weakening the
membrane association, resulting in the release of cystin from the ciliary membrane. Once
released, cystin exits the cilium through an as yet undefined mechanism, and is imported

into the nucleus where it is involved in transcriptional regulation, e.g., c-Myc expression.
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Our TAP studies have identified multiple importin subunits as putative interactors
of cystin, and through GST-pulldown experiments, we were able to confirm direct inter-
actions between cystin and several of the importin subunits. These data suggest that cys-
tin undergoes active nuclear import rather than passive diffusion, suggesting that its nu-

clear import is a regulated process.

Cystin and Transcriptional Regulation

The data presented in Chapter 3 of this dissertation both confirms and expands on
data previously published from our laboratory demonstrating that cystin is able to regu-
late gene expression through interactions with other proteins[72]. However, Wu et al.
also made another intriguing observation. In addition to binding with necdin, cystin was
able to bind to DNA independently, despite the absence of known DNA binding do-
mains[72]. This ability to bind DNA suggests that cystin may be able to regulate the ex-
pression of other genes directly, as well as through interactions with other proteins.

To explore this provocative hypothesis, ChlP-Seq could be used to further define
the transcriptome regulated by cystin. ChlIP-Seq allows for the identification of regions
of DNA bound by DNA binding proteins on a genome-wide scale. Using the results from
the ChIP-Seq experiments, microarray analyses could then be performed to assess chang-
es in the expression levels of these genes in mTERT immortalized collecting duct cells
derived from wild type and cpk kidneys. Identifying and understanding the genes whose
transcription is dysregulated as a result of a loss of cystin function would provide new
insights into the molecular mechanisms that underlie the pathobiology of ARPKD. These

experiments would offer critical insights into the onset and progression of the disease,
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helping clinical investigators to refine genetic testing methodologies, identify new genet-
ic modifiers, ascertain why certain mutations are more deleterious or pathogenic than
others, and perhaps identify potential therapeutic targets that could be developed for di-

rected interventions.

Cystin and Splicing Regulation

Data presented in this dissertation demonstrates a putative difference in the tran-
scriptional profile of Pkhdl, the mouse orthologue of the disease gene involved in human
ARPKD, in collecting duct cells derived from wild-type and Cys1°°¥°* kidneys. Changes
to the Pkhd1 transcriptional profile in the absence of cystin may contribute to the cysto-
genesis observed in the cpk mouse. The TAP data presented in Chapter 2 suggests that
cystin may interact with proteins involved in the regulation of splicing, as approximately
25% of the cystin nuclear interactome identified using TAP is comprised of proteins re-
lated to splicing (Figure 2.3, green nodes; Table 2.1). Our initial data suggest that when
cystin is absent or rendered non-functional, either through sequestration or mutational
disruption, the splicing of Pkhd1 is dysregulated. The loss of cystin function appears to
result in transcriptional changes that mirror certain Pkhd1/PKHD1 point mutations that
affect SRSF binding motifs required for properly regulated splicing to occur. As de-
scribed by Boddu et al., alternations to these SRSF motifs can cause defects in the splic-
ing of Pkhd1/PKHD1 that could contribute to renal cystic disease pathogenesis[42].

These data suggest that the cystic phenotype observed in the cpk mouse may be
the cumulative effect of c-Myc overexpression and perturbations in the splicing of Pkhd1,

both resulting from an absence of functional cystin. Further studies are required to estab-
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lish the molecular connection between cystin and splicing regulation. High-throughput
next generation sequencing technologies, such as RNA-Seq, may provide an important
tool for such studies. A comparison of transcripts from the mTERT-immortalized col-
lecting duct cells from wild type and cpk mice could help define the differential Pkhdl
expression profile that results in the absence of cystin function. Such studies would pro-
vide new insights into the consequences of the loss of cystin on Pkhd1l alternative splic-
ing. Furthermore, analysis of these alternatively spliced transcripts could help establish
mechanisms that distinguish disease-related processes from normal physiological path-
ways, thus broadening our understanding of the diverse phenotypic heterogeneity ob-

served in ARPKD patients.

Cystin and Fibrocystin/Polyductin Complex

The regulated localization of cystin to the cilium and the nucleus suggests that
cystin serves a critical function within both subcellular compartments. FPC has been
shown by our laboratory and others to localize to the primary cilium, where it undergoes
Notch-like processing, resulting in the release of a C-terminal fragment, which localizes
to the nucleus[55]. These molecular data, coupled with the phenotypic similarities be-
tween human ARPKD and the cpk mouse suggest that cystin and FPC are functionally
connected. However the validity of this connection remains to be established at a molec-
ular level. The large molecular weight and transcriptional complexity of FPC have com-
plicated the generation of robust immunoreagents, thereby limiting directed functional
studies. The methods described in this dissertation offer a promising approach to begin

to assess the functions of FPC within the nucleus. Future studies aimed at performing
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TAP using a C-terminal fragment of FPC would allow for the characterization of the nu-
clear interactome of FPC. As with cystin, this putative nuclear interactome would pro-
vide novel insights into the nuclear function of FPC. Specifically, comparison of these
two nuclear interactomes may identify transcriptional targets that are common to cystin
and FPC and/or establish a hierarchy of transcriptional function between cystin and FPC
isoforms, offering the first evidence as to why the non-orthologous cpk mouse model so

accurately phenocopies ARPKD.

Summary

The principal goal of this work was to broaden our understanding regarding the
nuclear import and function of cystin, the protein disrupted in the cpk mouse model of
recessive polycystic kidney disease. Through GST-pulldown experiments, we have been
able to confirm a direct connection between cystin and the importin proteins, as suggest-
ed by TAP, providing the first evidence of a mechanism for the nuclear import of cystin.
We have also been able to further elucidate the nuclear function of cystin to include a po-
tential role for cystin in splicing regulation, complementing studies our previous studies
demonstrating its role in regulating c-Myc gene expression.

Our TAP studies have allowed us to identify and characterize a novel functional
interaction between cystin and Arl3, which highlights the importance of cystin’s ciliary
localization for its physiological regulation and function. Finally, the dataset generated
from our TAP studies offers an array of putative interactions with endocytic pathway pro-

teins that will provide further insight into the molecular functions of cystin.
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In summary, the data presented in this dissertation substantiates the use of large-
scale protein identification techniques as an effective method for elucidating unknown
protein functions through protein associations. Indeed, the true power of TAP lies in its
capacity to generate an extensive dataset that may serve as the foundational basis for spe-

cific hypothesis generation and numerous future functional studies.
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