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Abstract
Biomarkers, the measurable indicators of biological conditions, are fast becoming a popular
approach in providing information to track disease processes that could lead to
novel
therapeutic interventions for chronic conditions. Inherited, chronic kidney disease affects millions of people worldwide and
although pharmacological treatments exist for some conditions, there are still patients whose only option is kidney dialysis
and kidney transplantation. In the past ten years, certain chronic kidney diseases have been re- classified as ciliopathies.
Cilia in the kidney are antenna-like, sensory organelles that are required for signal transduction. One of the signalling
pathways that requires the primary cilium in the kidney is Wnt signalling and it has three components: canonical Wnt,
non- canonical Wnt/Planar Cell Polarity (PCP) and non-canonical Wnt/Ca+2 signalling. Identification of the novel role of
ATMIN as an effector molecule in the non-canonical Wnt/PCP pathway has intrigued us to investigate its potential role in
chronic kidney disease. ATMIN could thus be an important biomarker in disease prognosis and treatment that might
lighten the burden of chronic kidney disease and also impact on its progression.

The cilium is an evolutionarily-conserved, microtubule-based organelle, the existence of
which was discovered more than 200 years ago. Although it contains similarities with the
prokaryotic flagellum, its role and functional importance was unclear until recently. It is now known that the
eukaryotic cilium is an apical, cellular protrusion that forms in almost all cell types and can be motile or immotile
[1]. Although not in the scope of this mini-review, it should be noted that cilia form in the G0 or G1 phases of the
cell cycle and that since protein synthesis does not take place in the cilium, its formation and resorption depends
on anterograde and retrograde motor proteins and intraflagellar transport (IFT) proteins. When IFT trafficking is
disrupted, defective ciliogenesis or deficient cilia function ensues [2].
In the kidney in particular, only immotile, primary cilia have been discovered. They are found on the surfaces of
non-proliferating cells and their length varies according to the stage of kidney development. In

the

renal

vesicles, primary cilia are 0.59 μm long and further
lengthen to 0.81 μm in S-shaped nephrons, finally extending to over 3 μm in human fetal and
post-natalmature nephrons [3]. Many proteins important for correct kidney development and
function have been shown to localise to the primary cilium or to require the primary cilium in order to be able to
exert their role. Further, loss of cilia, malformed cilia or mutations in IFT genes have been demonstrated to
cause proliferative defects, affect fluid secretion and result in cystic renal disease [4,5]. Signalling pathways,
such as the Sonic Hedgehog (Shh) and Platelet Derived Growth Factor (PDGF) have been shown to require the
cilium for timely regulation and efficient activation [6] and in the kidney, the primary cilium plays an important role in
Wnt signalling responses.
The Wnt signalling pathway
Wnts are glycoproteins and more than 19 of them exist in mammals [7]. Wnt signalling has three constituents:
canonical Wnt, non-canonical Wnt/Planar Cell polarity (PCP) and non- canonical Wnt/Ca+2 signalling. The
canonical Wnt signalling pathway initiates when a canonical Wnt ligand binds to a Frizzled (Fz) receptor in the
presence of lipoprotein receptor-

related protein 5 or 6 (LRP5 or 6). The outcome of the binding is Dishevelled (Dvl) activation and inhibition of the βcatenin destruction complex (Glycogen synthase kinase 3β (GSK3β), adenomatous polyposis coli (APC), Axin
and casein kinase 1 (CK1)). Activated canonical Wnt signalling results in β-catenin accumulation in the cytosol
and the transcriptional activation of Wnt target genes. When the pathway is inactive, β catenin is targeted through
phosphorylation for proteosomal degradation (Figure 1).
In the past ten years, detailed studies have been conducted on the characterisation of proteins involved in the
non-canonical Wnt/ PCP pathway. This pathway is also activated when a Wnt ligand behinds to a Fz receptor,
but in this case, activation of Dvl leads to downstream cytoskeletal rearrangements or transcriptional activation
through the stimulation of RhoA or Rac1. Core PCP proteins such as Van Gogh-like (Vangl), Prickle and Celserus
(Celsr) are important for non-canonical Wnt/PCP pathway signal transduction [8]. It should also be noted that
there is a third component to Wnt signalling, the non-canonical Wnt/Ca+2 signalling that upon Dvl stimulation
results in increased intracellular calcium concentration and activated calcineurin, protein kinase C and
Ca+2/calmodulin-dependent protein kinase II
(CAMKII) and thisat has formed the basis for other reviews [9].
Although few Wnt ligands have been shown to exclusively activate the canonical or the non- canonical/PCP
pathway, most Wnt ligands have been shown to be able to trigger both pathways and it is still unclear how timely
regulation of the two pathways is achieved. Significantly, the interaction of inversin with Dvl is key for the activation
of the non-canonical Wnt/PCP pathway in the kidney [10] and the primary cilium has also been demonstrated to
be required for the timely regulation of Wnt signalling [11]. It is proposed that an active cilium acts as a repressor of
the canonical Wnt pathway, permitting signalling from the non- canonical Wnt pathway and thus acting as a switch
between the two [12], although the exact mechanism of this switch has not been determined.
Canonical and non-canonical Wnt signalling: its role in kidney disease

A number of PCP proteins have been shown to play a role in kidney development and function. Vangl2 is important
for normal morphogenesis of the ureteric bud and metanephric mesenchyme-derived structures [13]; it localizes to the
base of the cilium in kidney cells [14]. Loss of Fat4 leads to cystic kidney disease by disrupting oriented cell division
and tubule elongation in kidney development [15]. Further, targeted mutations in Fz4 and Fz8 cause maller kidneys
and reduced ureteric bud growth [16], while increased Fz3 expression was observed in post-natal polycystic kidney
disease (Pkd)1 inactivated cystic kidneys [17].

Wnt ligands such as Wnt9b and Wnt11 also have important,

recognised roles in kidney development and function [3]. Furthermore, frizzled-related-protein (FRP) 4 is upregulated
in human Autosomal Dominant Polycystic Kidney Disease (ADPKD) and in ADPKD mouse models [18]. Increased
serum FRP4 levels were recently detected in ADPKD patients [19], while DKK3, a β-catenin antagonist, is a
potential modifier of ADPKD [20]. Further evidence linking cilia to Wnt signalling in the kidney comes from inversin,
loss of function of which
causes nephronophthisis. Inversin targets Dvl1 for degradation, inhibiting canonical Wnt
signalling and regulates convergent extension in Xenopus [12]. It acts downstream of Fz8
in pronephros morphogenesis [10], localises to the primary cilium and is required for Dvl
recruitment to the plasma membrane after Fz activation, instigating PCP signalling [21].
Although defective Wnt signalling has been implicated in a number of diseases,
including cancer, osteoporosis and Alzheimer’s disease [7] as well as ADPKD,
researchers have mostly concentrated on the canonical Wnt signalling pathway. Recently,
decreased β- catenin
demonstrated

phosphorylation

and

increased

β-catenin

expression

was

in aquaporin-1-null PKD mice, implicating aquaporin-1 in renal cyst

development and ADPKD by modulation of canonical Wnt signalling [22]. A very
interesting study has just been published that demonstrates that Wnts bind to the
extracellular domain of PKD1, resulting in
the induction of Ca+2 influx dependent on PKD2 and exhibiting the involvement of
noncanonical

Wnt/Ca+2

signalling

in

ADPKD

[23].

ATMIN, a protein with diverse functions
We have recently identified the novel role of a PCP effector protein, ATM INteractor (ATMIN) in kidney development
and we are intrigued by its potential involvement in chronic kidney disease. ATMIN was initially discovered as a
DNA damage response protein, interacting with the ATM protein upon replicative and hypotonic stress [24, 25] and
is also essential for RAD51 localisation after DNA methylation damage [26]. Oxidative damage accumulated in the
ageing brain of ATMIN-null mice [27] and developing B-cell survival was regulated by ATMIN through Dynein light
chain LC8-type 1 (DYNLL1) expression activation and Bim- dependent apoptosis [28].

After the discovery that

ATMIN carried an ATM-dependent function, work from our group and others showed that ATMIN was also a
transcription factor with ATM-independent roles. In particular, our own published data has identified the novel role
of Atmin in ciliogenesis and lung morphogenesis. Generation of the Atmingpg6/gpg6 mutant mouse resulted in
embryonic lethality at mid-gestation, accompanied by gross oedema, exencephaly, micrognathia and severe
pulmonary hypoplasia [29]. The Atmingpg6/gpg6

mouse mutant has got elements of a ciliopathy and close

examination of the embryonic node revealed defects in cilia number and length that also extended to the neural
tube and limb bud. These defects were caused by the transcriptional regulation of Atmin on a retrograde IFT
protein, Dynll1 and identified a novel series of interactions between Dynll1, Wdr34, a mammalian homologue of
the Chlamydomonas cytoplasmic dynein 2 intermediate chain and Atmin. Further work on the Atmingpg6/gpg6
mouse revealed abnormal embryonic kidney
morphogenesis, associated with defective Wnt signalling [30]. Atmingpg6/gpg6 kidneys
manifested reduced numbers of renal vesicles and ureteric bud tips, abnormal cytoskeleton and mis-oriented cell
division, although cilia length, numbers and Hh signalling were
unaffected in the mouse embryonic kidney. Additional analysis showed reduced Wnt9b,
Wnt11 and Dvl1 mRNA expression and increased Daam2 expression. Intercrosses between the Atmingpg6/+ and
Vangl2lp/+ mice revealed a genetic interaction between Atmin and Vangl2, identifying Atmin as a novel effector
molecule in the non-canonical Wnt/PCP pathway. It has

been challenging to determine whether ATMIN directly interacts with Wnt signalling or if its
effects are mediated through the primary cilium, but future investigations should be able to
shed further light on this dilemma.
Subsequently, ATMIN was shown to also play a role in B-cell lymphoma, T-cell activation and neuroblastoma. In
the context of lymphomagenesis, ATMIN was shown to be critical for MYC-driven lymphoma development that
originated from bone marrow B-cell precursors [31]. The role of ATMIN in MYC-driven lymphomagenesis was
demonstrated to be driven through its downstream transcriptional target, DYNLL1 and both genes were shown to
be critical for pre-leukemic immature B-cell survival in Eμ-Myc mice before progression to malignant lymphoma.
Intriguingly, loss of ATMIN, together with another ATM co-factor, NBS1 caused increased DNA damage and
peripheral T-cell hyperactivation that led to severe intestinal inflammation, colitis and premature death in the
ATMIN-deficient, NBS1- deficient mice [32]. Significantly, it was recently shown that the increased Pdgfra
expression observed in Trp53-null mice was normalised when the mice were crossed with Atmin deficient

mice,

suggesting that ATMIN inhibitors might have therapeutic roles in Glioblastoma multiforme [33]. Although
the authors suggested that this was due to ATMIN- dependent ATM signalling, loss of ATM did not restore Pdgfra
expression as significantly, hinting at the ATM-independent functions of ATMIN. Pdgfra has been linked to many
human tumours, such as gliomas and gastrointestinal stromal tumours and it is important to note that Pdgfra
localises to and signals through the primary cilium [34]. As we have shown that loss of Atmin disrupts ciliogenesis
[29], it is possible that this defect is also relevant to abnormalities in neural cilia formation that could lead to
reduced Pdgfra signalling.

Understanding Autosomal Recessive Polycystic Kidney Disease
The ATM-dependent and ATM-independent roles of ATMIN create very exciting opportunities in the
context of modifying ATMIN levels as a therapeutic approach in human

disease. We focus our work on understanding the molecular mechanisms of Autosomal Recessive Polycystic
Kidney Disease (ARPKD), a rare paediatric disease for which no pharmacological treatment currently exists.
ARPKD is a genetic disorder affecting ~1:20,000 and is a common cause of perinatal death [4]. It manifests as
extreme bilateral enlargement of cystic kidneys in utero, associated with hepatic ductal plate abnormalities and
pulmonary hypoplasia [35,36]. In those patients who survive the perinatal period, the majority will require
renal replacement therapy (kidney dialysis or transplantation) within the first decade of life [37]. Recently,
however, ARPKD patients have been diagnosed in their 30s with relatively mild renal insufficiency, suggesting
a previously unrecognised, wide spectrum of disease severity [38].
ARPKD is caused by mutations in polycystic kidney and hepatic disease 1 (PKHD1), which encodes the large
membrane protein, fibrocystin that is required for normal branching morphogenesis of the ureteric bud during
embryonic renal development [39-41]. In ARPKD kidneys, cystic dilation is restricted to the ureteric bud-derived
collecting tubules (CTs) associated with increased epithelial cell proliferation and luminal fluid secretion [42],
together with abnormalities in apoptosis [43,44], epithelial cell polarity [45] and matrix interactions [46]. Fibrocystin is
localised in primary cilia protruding from the apical surface of CT lumens [47,48], together with Polycystins (PC-)1
and -2 [49], the protein products of the ADPKD- associated genes PKD1 and PKD-2 [35]. PC-1 is thought to act
as a mechanosensory membrane receptor forming multi-protein complexes with PC-2 [50], a calcium-permeable
channel protein [51], β-catenin [52] and α2β1-integrin [53]. Since fibrocystin can interact directly with PC-2/1 at
cell and ciliary membranes [49], it might act as part of this important
mechanosensory pathway to control normal renal development. It should be noted, however,
that although the majority of evidence suggest that cilium bending is an important
mechanism for sensing mechanical force, recent studies have questioned this as an
absolute [54].

Loss of fibrocystin is also associated with focal adhesion abnormalities, such that loss of focal adhesion kinase
(FAK) activation as well as increased FAK inhibition and c-Src activation are observed in fibrocystin deficient cells
[46]. Loss of a component of the canonical Wnt signalling pathway, GSK3β inhibited cAMP generation and cellular
proliferation of collecting duct cells in an ARPKD mouse model, delaying disease progression [55]. A
binding site for the hepatocyte nuclear factor (HNF)-1β is found on the Pkhd1 promoter and it drives Pkhd1
expression in the kidney, intrahepatic bile ducts and the male reproductive tract [56]. In addition, Arf4, a small G
protein of a subfamily of Ras-related small G proteins, binds to the ciliary targeting sequence of fibrocystin and is
required for its effective trafficking to the cilia [57].
It thus becomes apparent that evidence of a PKHD1 transcriptional network and of fibrocystin protein
interactions is fast accumulating, although the direct interacting partners remain largely unknown. Our published
work links ATMIN to kidney development and places it as a novel effector molecule in non-canonical Wnt/PCP
signalling [30]. Understanding kidney development will help us address kidney disease and PKD remains one of
the chronic, heritable kidney conditions that greatly impacts on the population and the healthcare systems
worldwide. Although Wnt signalling has been investigated in ADPKD, no work has yet been published on the
impact of Wnt signalling in ARPKD. We are thus interested in investigating the role of PCP proteins in ARPKD
and finding out whether they can provide insights into ARPKD prognosis and treatment. As no pharmacological
treatment currently exists for ARPKD, such discoveries will greatly impact on the young patients and their families
and will provide alternatives to kidney dialysis and transplantation.

Figure 1. Schematic representation of the canonical and non-canonical Wnt/Planar Cell
Polarity (PCP) signalling pathways. Activated canonical Wnt signalling in the cell nucleus
(dashed lines) results in transcriptional activation of downstream target genes. Key canonical
and non-canonical Wnt proteins are represented and the localisation of fibrocystin and

inversin in the cilium is highlighted. Dashed lines represent suggested interactions between
ATMIN is shown as a red diamond and its suggested interaction with and Fibrocystin, which
could involve either the primary cilium or non-canonical Wnt/PCP. Anterograde (red) and
retrograde (green) intraflagellar transport along the cilium is facilitated by the kinesin and
dynein motor proteins respectively.
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