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Nephronophthisis (NPH) is an autosomal recessive cystic kidney disease, and a frequent cause of end-
stage renal failure in children. To date, 17 NPH-associated gene products (NPHPs) have been identified.
Most NPHPs participate in large multi-protein complexes that localize to the cilium and/or basal body;
however, the precise composition of these complexes and their biological function remain largely un-
known. We recently observed that the ankyrin repeat protein Anks3 interacts with the NPH family
member Anks6. Both Anks3 and Anks6 form complexes with multiple other NPHPs, suggesting that both
proteins function in similar or overlapping signaling pathways. Here, we show that Anks3, but not Anks6
interacted with the NIMA-related kinase Nek7, and was heavily modified in the presence of Nek7,
resulting in an approximately 20 kD increase in molecular weight. Although mass spectrometry revealed
increased serine and threonine phosphorylation of Anks3 primarily within the N-terminal ankyrin re-
peats also required for Nek?7 interaction, the molecular weight increase occurred even in the presence of
a kinase-dead Nek7 mutant, indicating that this modification was not caused by Nek7-dependent Anks3
phosphorylation. Furthermore, the Anks3 modification was specific for Nek7, and did not occur in the
presence of Nek8. Importantly, Anks3 retained Nek7 in the cytoplasm, suggesting that, Nek7 triggers the
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modification of Anks3, which in turn prevents the nuclear localization of Nek7.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Nephronophthisis (NPH) is an autosomal recessive kidney dis-
ease that causes renal failure and is associated with multiple extra-
renal manifestations [1,2]. Mutations in 17 genes, collectively
termed NPHPs, have been associated with nephronophthisis; most
of them localize to the cilium or its associated structures, and cause
cilia-related phenotypes [3]. Despite the large number of causative
genes, two out of every three nephronophthisis patients do not
have mutations in any of the known NPHPs [4]. Since most NPHPs
contain protein—protein interaction domains and participate in
large tissue-specific and developmentally regulated protein com-
plexes, identification of additional components of these complexes
will further our understanding of how NPHPs exert their function
and could potentially lead to the identification of novel NPHPs.

We have recently identified Anks3 as a binding partner of Anks6/
NPHP16, and characterized Anks3 as a molecule associated

* Corresponding author.
E-mail address: toma.antonov.yakulov@uniklinik-freiburg.de (T.A. Yakulov).

http://dx.doi.org/10.1016/j.bbrc.2015.07.063
0006-291X/© 2015 Elsevier Inc. All rights reserved.

nephronophthisis-like phenotypes in model organisms [5]. Muta-
tions in ANKS6 were identified in six families affected by neph-
ronophthisis, and anks6 down-regulation in zebrafish and Xenopus
laevis caused cyst formation, ciliary phenotypes and situs inversus
[6]. Anks3 and Anks6 are related molecules that share a number of
features, including similar domain architecture. In both proteins, the
N-terminal ankyrin repeats are followed by an SAM domain and a
short coiled-coil domain. Anks3, Anks6 and NPHP2 are all substrates
for the HIF1AN hydroxylase [5,6]. Furthermore, anks6 or anks3
depletion in zebrafish resulted in overlapping ciliary phenotypes [5].
Anks3 and Anks6 form heteromeric protein complex that interacts
with the SAM domain containing RNA binding protein BICC1 [5,6].
While Anks6 associates only with the NPHP2-NPHP3-NPHP9 mod-
ule, Anks3 preferentially binds the NPHP1-NPHP4-NPHP8 module,
but also associates with the Anks6 containing NPHP2-NPHP3-
NPHP9 module [5]. The Anks3 containing NPHP1-NPHP4-NPHP8
module appears to function at the transition zone of cilia and in
apical organization of polarized epithelial cells [7].

Nek7 belongs to the conserved NIMA-related family of serine/
threonine kinases (Nek) that have been implicated in cell cycle
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progression, and in cilia formation. Nek kinases share a well-
conserved N-terminal kinase domain, but differ in their C-termi-
nal tails; the highly similar Nek6 and Nek7 lack the C-terminal tail
completely [8]. Nek7 has been best characterized for its role in cell
cycle progression. Nek7, Nek6 and Nek9 form a signaling cascade,
in which Nek9 phosphorylates and thus activates both Nek6 and
Nek?7. Activated Nek6/Nek?7 in turn phosphorylate the kinesin Eg5,
which leads to its accumulation at the centrosomes and controls
centrosome separation and normal mitotic spindle formation [9].
Besides the shared role in spindle formation, characterization of
the Nek7 proteome suggests that Nek7 acts in different cellular
processes independently of Nek6 [10]. Indeed, it was recently
shown that microtubule dynamic instability, which is critical for
accurate shaping of the mitotic spindle and for cilium formation,
depends on Nek7 levels [11]. Currently, there is no evidence that
Nek7 directly controls cilium formation or function; however,
Nek8/NPHP9, another member of the Nek family, is mutated in
nephronophthisis. Nek8 is recruited to the cilium by Inv/NPHP2,
interacts directly with Anks6/NPHP16, while mutants of Nek8
show ciliary phenotypes in model organisms [6]. Since Nek7 and
Anks3 are components of the Anks6 interactome [6], we decided to
investigate the functional consequences of the Anks3/Nek7
interaction.

2. Material and methods
2.1. Reagents and plasmids

F.CD2AP, rat V5.Anks6 and mouse V5.Anks3 have been previ-
ously described [5]. YFP.Anks3 was generated by fusing full length
mAnks3 cDNA to an YFP vector (eYFP-C1 Clonetech). Truncated
versions of Anks3 in pcDNA6 vector were created by polymerase
chain reaction (PCR) using appropriate primers from full length
Anks3 followed by standard cloning techniques. The point muta-
tion constructs V5.Anks3.S243A, V5.Anks3.S5A, V5.Anks3.5243A,
V5.Anks3.TS318, V5.Anks3.S366A and V5.Anks3.S369A were
generated by Quick change PCR using V5.Anks3 as a template. Full
length Nek7 in pcDNA6 with different N-terminal tags were
generated using Nek7 cDNA clone purchased from Source Biosci-
ence. Nek7 kinase-dead (KD) mutant was described elsewhere [12].
Antibodies used in this study included Anks3 antibody (1:1000,
Rabbit, Abcam), Nek7 antibody (1:1000,Rabbit, Cell signaling), anti-
FLAG M2 (1:3000, Mouse, Sigma—Aldrich), anti-V5 (1:6000, Mouse,
Serotec), anti-GFP(1:1000, Rabbit, MBL) anti-B-actin (1:1000,
Mouse, Sigma—Aldrich) and anti-HA 12CA5 (1:1000, Mouse, Roche
Applied Sciences). Secondary horseradish peroxidase (HRP)
coupled antibodies against rabbit and mouse IgG were from Dako
and GE Healthcare and were used at dilution of 1:10,000. Cy3 and
Cy5 conjugated antibodies (1:500) were from Jackson ImmunoR-
esearch. The lambda protein phosphatase was purchased from New
England Bioloabs, Ipswich, USA. The P4D1 antibody (1:1000) was
purchased from Covance, Princeton, USA.

2.2. Cell culture, transfection and imaging

Human embryonic kidney (HEK 293T) cells were cultured using
Dulbecco's Modified Eagle Medium (DMEM) supplemented with
10% Fetal Bovine Serum (FBS, Biochrome, Berlin, Germany). The
cells were transfected using calcium phosphate or TransPEI trans-
fection method (Eurogentec, Cologne, Germany). HEK 293T cells
were cultured on six well plates containing coverslips pre-treated
with poly-i-lysine in order to ensure the tight attachment of the
cells. After 24 h of transfection, cells were fixed with 4% PFA for
15 min, stained with Hoechst for nuclei and analyzed on an Axio-
vert 200M with ApoTome microscope (Zeiss, Germany).

2.3. Co-immunoprecipitation (Co-IP) and western blot

After 24 h of transfection, cells were washed with phosphate
buffered saline (PBS) and lysed in lysis buffer (20 mM Tris, pH 7.5,
1% Triton X-100, 50 mM NacCl, 50 mM NaF, 15 mM NasP,07, 0.1 mM
EDTA) supplemented with protease inhibitor cocktail complete
(Roche Diagnostics, Mannheim, Germany). After centrifugation
(15000 x g, 15 min, 4 °C) followed by ultracentrifugation
(100,000 x g, 30 min, 4 °C), the lysates were incubated with 30 pl of
Flag M2 sepharose beads (Sigma—Aldrich Corporation, St. Louis,
USA) or V5 antibody-coated sepharose beads (Abcam, Cambridge,
UK) for 2 h at 4 °C in an overhead shaker. Next, the beads were
washed with lysis buffer and the bound proteins were eluted in 2 x
Laemmeli buffer supplemented with dithiothreitol (DTT). The
bound proteins were resolved by SDS-PAGE, and the interactions
were checked by western blotting using the appropriate antibodies.

3. Results

To identify additional interaction partners of the ankyrin repeats
protein Anks3, we carried out a mass spectrometry screen in hu-
man embryonic kidney (HEK 293T) cells that were transiently
transfected with Flag-tagged mouse Anks3 (F.Anks3), or with
control Flag-tagged GFP (F.GFP), and confirmed Anks6 as an Anks3-
binding partner (Supplemental Fig. 1A). Among the other Anks3-
binding proteins with the most identified peptides was the
NIMA-related Nek7 kinase. We validated the interaction by co-
expression and co-immunoprecipitation analysis in HEK 293T
cells. Using tagged proteins, we found that Flag-tagged mouse Nek7
(F.Nek7) immobilized V5-tagged mouse Anks3 (V5.Anks3) (Fig. 1A,
second lane). No interaction with V5.Anks3 was detected, when
Flag-tagged CD2AP (F.CD2AP) was used as bait (Fig. 1A, third lane).

We next wanted to demonstrate the endogenous interaction
between Anks3 and Nek7. Using a commercially available anti-
Anks3 antibody, the endogenous levels of Anks3 appeared to be
below the detection limit by Western blot analysis in the lysates of
HeLA cells (Supplemental Fig. 1B, first lane). However, we detected
a specific band after immunoprecipitation of Anks3 with an anti-
Anks3 antibody, but not in the control anti-IgG precipitate
(Supplemental Fig. 1B, second and third lanes). Confirming
endogenous interaction, precipitation with anti-Anks3 antibody
immobilized Nek7 (Supplemental Fig. 1C, third lane). In compari-
son, Nek7 could not be detected after co-immmunoprecipitation
with control anti-IgG (Supplemental Fig. 1C, second lane). The
reciprocal co-immunoprecipitation experiment was technically not
possible due to the lack of appropriate anti-Nek7 antibody.

Ankyrin repeats are often found in proteins, and are known to
mediate protein—protein interactions [13]. To exclude the possi-
bility that any ankyrin repeat-containing proteins would bind Nek7,
we examined whether Nek?7 interacts with Inversin (Inv), another
ankyrin repeat-containing NPHP [6]. In a co-immunoprecipitation
experiment, F.Nek7 failed to immobilize mouse V5-tagged Inver-
sin (V5.Inv), confirming the specificity of the Anks3/Nek7 interac-
tion (Fig. 1A, first lane). Since we previously found Nek7 in two
independent mass spectrometry-based screens using Anks6 or
Anks3 as baits, respectively [5,6], we examined if Nek7 also in-
teracts with Anks6. After co-immunoprecipitation with F.Nek7, no
interaction with V5-tagged rat Anks6 (V5.Anks6) was detected,
implying that the Nek?7 interaction with Anks6 is possibly indirect
(Supplemental Fig. 2A).

We noticed that co-transfection of Anks3 and Nek7 always re-
sults in the appearance of a second Anks3 band of approximately 20
kD higher molecular weight, either in a straight Western blot or
after co-immunoprecipitation (Fig. 1B, second lane). Thus, it
appeared that Anks3 is modified in the presence of Nek?7. Since the
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Fig. 1. I Nek7 interacts with and modifies Anks3. (A) HEK 293T cells were transiently co-transfected with Flag- and V5-tagged proteins as indicated, and Flag-tagged proteins were
precipitated using anti-Flag M2 beads. Precipitation of F.Nek7 (first and second lane) immobilized V5.Anks3 (second lane), but not V5.Inv (first lane). V5.Anks3 did not co-
immunoprecipitate with control FCD2AP (third lane). Expression of V5.Inv and V5.Anks3 is shown on the bottom panel. (B) Precipitation with both ENek7 (second lane) and a
kinase-dead version of Nek7 (F.Nek7.KD, third lane) immobilized V5.Anks3. FNEK8 weakly interacted with V5.Anks3 (first lane). Expression and FENek7-dependent modification of

V5.mAnks3 is shown on the bottom panel.

Nek family of kinases consists of eleven distinct gene products [14],
we wondered, if Anks3 also interacts with and is modified in a
similar fashion by other Nek kinases. We co-expressed Flag-tagged
human NEK8 (F.NEKS8) together with V5.Anks3, and used an anti-
Flag antibody to precipitate FNEK8. Indeed, FNEK8 immobilized
some V5.Anks3; however, the interaction appeared to be much
weaker than the one with Nek7 (Fig. 1B, first lane). Importantly,
there was no additional Anks3 band after co-transfection with
ENEK8 (Fig. 1B, first lane) supporting the notion that Anks3 is
specifically modified in the presence of Nek7. To further explore the
specificity of this modification, we transfected HEK 293T cells with
increasing amount of F.Nek7 and fixed concentration of V5.Anks3,
and observed that the intensity of the modified V5.Anks3 band in
the lysates increased at higher FNek7 concentrations
(Supplemental Fig. 2B).

We next asked whether modified Anks3 can still interact with
Anks6. For that, we co-transfected HEK 293T cells with F.Anks3 and
V5.Anks6 in the presence of either V5.NEK7 or control V5.GFP. In a
co-immunoprecipitation experiment with an anti-Flag antibody,
both the modified and the unmodified version of F.Anks3 immo-
bilized V5.Anks6, indicating that the Anks3 modification does not
interfere with the Anks3/Anks6 interaction (Fig. 2A).

To study the nature of modified Anks3, we first asked whether
there is a change in the phosphorylation profile of Anks3 in the
presence of increased amounts of Nek7. We used mass spectrom-
etry to identify V5.Anks3 phosphorylated serine (S) and threonine
(T) residues in HEK 293T cells after transfection either alone or

together with FENek7 (Supplemental Fig. 3A,B). We found that even
without transfected F.Nek7, V5.Anks3 was phosphorylated at po-
sitions S201, S243, S244, S245 and S540 (Supplemental Fig. 3C).
After co-transfection with F.Nek7, additional Anks3 phosphorylated
residues at positions S5, S225, T318, S319, S366 and S369 were
detected (Supplemental Fig. 3C). To study the effect of these
phosphorylations on the Anks3/Nek7 interaction, we generated
single mutants for S5A (V5.Anks3.S5A), S243A (V5.Anks3.S243A),
S366A (V5.Anks3.S366A), S369A (V5.Anks3.5S369A) and the double
mutant T318A, S319A (V5.Anks3.TS318). However, we found that all
mutant Anks3 proteins were modified in the presence of NEK7
(Supplemental Fig. 4A). The Anks3 S243, S244, S245 triple phos-
phorylation site is contained within a consensus Nek kinase
recognition site (F/LxxS/T) [15], which is a potential direct Nek7
target (Supplemental Fig. 3C). Thus, we generated the triple S243A,
S244A and S245A Anks3 mutant (V5.Anks3.S243A), but found that
V5.Anks3.5243A was also modified in the presence of F.Nek7
(Fig. 2B). Since we could not explain the Anks3 modification by
mutating potential Nek7 target sites, we asked whether phos-
phorylation per se was responsible for the observed Anks3 modi-
fication. To address this question, we co-transfected V5.Anks3 and
F.Nek?7, and treated the lysates with lambda protein phosphatase,
which removes phosphate groups from serine, threonine and
tyrosine residues. While this treatment strongly reduced the
phosphorylation of endogenous S6 kinase, it had virtually no effect
on the V5.Anks3 modification band (Supplemental Fig. 4B). We
next asked whether V5.Anks3 can be modified in the presence of a
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Fig. 2. 1 Modified Anks3 still interacts with Anks6 and the Anks3 modification is not dependent on the consensus NIMA binding sites. (A) V5-tagged Anks6 co-precipitated with
Flag-tagged Anks3 both alone (second lane) and in the presence of V5.Nek7 (fourth lane) or V5.GFP (third lane). In the presence of V5.Nek7, FAnks3 was modified. Precipitated
F.CD2AP and F.Anks3 are shown in the middle panel. Expression of V5.mAnks3, V5.Nek7 and V5.GFP is shown on the bottom panel. (B) No change of the Anks3 modification status
after mutating consensus NIMA binding sites. V5.Anks3.5243A is still modified when co-transfected together with FNek7 (fourth lane, bottom panel). Furthermore, V5.Anks3.S243A
can be immobilized by precipitated F.Nek7 (fourth lane, first panel), but not by control ECD2AP (second lane, first panel).

Nek7 kinase-dead version (FNek7KD). Indeed, after co-
immunoprecipitation with an anti-Flag antibody, we found that
V5.Anks3 was still modified (Fig. 1B). These data indicate that the
Anks3 modification band was not caused by Nek7-dependent
phosphorylation; however, the modification is dependent on the
Anks3/Nek?7 interaction.

Another explanation for the Anks3 modification could be mono-
ubiquitination. To test this possibility, we co-transfected V5.Anks3
with F.Nek7, immunoprecipitated V5.Anks3 with an anti-V5 anti-
body and probed for ubiquitination with an anti-P4D1 antibody.
This antibody recognizes mono-as well as poly-ubiquitination. We
found that V5.Anks3 is poly-ubiquitinated and its poly-
ubiquitination status increases in the presence of F.Nek7
(Supplemental Fig. 4C), however no specific increase in mono-
ubiquitination was observed. Thus, mono-ubiquitination also
could not explain the 20 kDa increase in Anks3 molecular weight.

Anks3 contains an N-terminal ankyrin repeats domain and a C-
terminal SAM domain, both of which could participate in pro-
tein—protein interactions [4,13]. To determine whether the ankyrin
repeats or the SAM domain mediate the Anks3/Nek7 interaction,
we generated four Anks3 truncations spanning the N-terminal,
ankyrin repeat containing region (V5.Anks3.Tr1, amino acids (aa)
1-221); the central portion of the protein between the two do-
mains (V5.Anks3.Tr2, aa 222—421); the ankyrin repeat and the
central portion together (V5.Anks3.Tr.(1 + 2), aa 1—421); and the C-

terminal SAM domain (Anks3.Tr3, aa 421-655) (Fig. 3A). We co-
transfected the Anks3 truncations with FNek7 in HEK 293T cells,
and tested for interactions with co-immunoprecipitation assays.
We did not detect the V5.Anks3.Tr1 in the cell lysate, suggesting
that the protein was not expressed or is unstable (Fig. 3B, third
panel, third lane); the V5.Anks3.Tr2 and V5.Anks3.Tr(1 + 2) were
expressed (Fig. 3B,C). Immunoprecipitated F.Nek7 did not immo-
bilize V5.Anks3.Tr3 (Fig. 3B, fifth lane), suggesting that the C-ter-
minal SAM-domain was not sufficient for the Anks3/Nek7
interaction. In contrast, the V5.Anks3.Tr(1 + 2) showed a strong
interaction with FENek7 (Fig. 3C, third lane), while FNek7 immo-
bilized only small amounts of V5.Anks3.Tr2 (Fig. 3B, fourth lane).
These data suggest that the N-terminal ankyrin repeats domain is
essential for the interaction with Nek?7, and that the central portion
of Anks3 might be contributing to this interaction. We further
observed that V5.Anks3.Tr2 and V5.Anks3Tr(1 + 2) displayed the
modified band (Fig. 3B,C, third panels), but no additional band was
observed with the V5.Anks3.Tr3 version (Fig. 3B).

We were interested to understand how the Anks3/Nek7 inter-
action affects the subcellular localization of both proteins. Using
YFP-tagged Anks3 (YFP.Anks3) and RFP-tagged Nek7 (RFP.Nek?7),
we observed that YFP.Anks3 alone in HEK 293T cells localized
predominantly to the cytoplasm, and was largely excluded from the
nucleus (Fig. 4A). In contrast, RFP.Nek7 was ubiquitously distrib-
uted, localizing to both the nucleus and the cytoplasm (Fig. 4B).
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Fig. 3. 1 Anks3 interaction with Nek7 is mediated by the Anks3 N-terminus. (A) Schematic representation of Anks3 structure and truncations. Anks3 harbors six ankyrin repeats N-
terminally and one SAM (Sterile Alpha Motif) C-terminally. Anks3.Tr1 comprises the N-terminus including the ankyrin repeats. Anks3.Tr2 includes the middle portion of the protein.
Anks3.Tr(1 + 2) includes the ankyrin repeats and the middle portion without the C-terminal SAM domain. Anks3.Tr3 comprises the middle portion and the C-terminus of Anks3,
without the ankyrin repeats. (B) Full-length and truncated versions of F.Anks3 were co-expressed in HEK 293T cells together with Flag-tagged F.Nek7. V5.Anks3.Tr2 and
V5.Anks3.Tr3 were well expressed after transfection in HEK 293T cells (fourth and fifth lane, bottom panel), whereas the protein from V5.Anks3.Tr1 was not detectable after cell lysis
(third lane, bottom panel). FNek7 weakly interacted with V5.Anks3.Tr2, but not with V5.Anks3.Tr3. (C) Precipitated F.Nek7 immobilized large amounts of V5.Anks3.Tr(1 + 2) (third
lane, top panel), suggesting that the Anks3 ankyrin repeats are required for the Anks3/Nek7 interaction. Co-precipitation of FCD2AP and V5.Anks3 serves as a negative control (first
lane, top panel) and co-precipitation of full-length V5.Anks3 with F.Nek7 as a positive control (second lane, top panel). Expression of V5.Anks3, V5.Anks3.Tr(1 + 2) and V5.Anks3.Tr3
is shown on the bottom panel.
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Interestingly, co-expression of both proteins resulted in nuclear
exclusion and cytoplasmic retention of RFP.Nek7. To determine
whether the Anks3/Nek7 interaction is important for the Nek?7
localization, we  co-expressed RFP.Nek7 with either
YFP.Anks3.Tr(1 + 2) or with YFP.Anks3.Tr3. Indeed, co-expression of
RFP.Nek7 with YFP.Anks3.Tr(1 + 2), which showed strong Nek7
binding, resulted in RFP.Nek7 nuclear exclusion (Fig. 4D). Interest-
ingly, the YFP.Anks3.Tr3 showed a different localization pattern
than YFP.Anks3 and YFP.Anks3.Tr(1 + 2). YFP.Anks3.Tr3 localized
both to the nucleus and the cytoplasm, similar to RFP.Nek7 (Fig. 4E).
Furthermore, co-expression of YFP.Anks3.Tr3 with RFP.NEK7 had
no effect on the nuclear/cytoplasmic distribution of RFP.Nek7
(Fig. 4E). Thus, the Anks3 N-terminus is sufficient for the Anks3
cytoplasmic localization, whereas the C-terminal SAM domain is
dispensable. In addition, interaction with Anks3 alters the

subcellular distribution of Nek7 by preventing its nuclear
translocation.

4. Discussion

Terminally differentiated epithelial cells exit the cell cycle and
their deregulated proliferation is usually associated with tumori-
genesis. Kinases, such as Cyclin-dependent kinases, Aurora kinases,
Polo-like kinases and the Nek kinases, control various aspects of cell
cycle and mitosis. Whereas not a single human NEK is absolutely
required for mitotic entry, it has been established that NEK2, NEK6,
NEK7 and NEK9 participate in the structural changes that occur as
cells move from interphase into mitosis. In particular, human NEK2,
NEK6, NEK7 and NEK9 cooperate to ensure formation of a robust
bipolar spindle; they might also contribute to other aspects of

.

Fig. 4. I Interaction with Anks3 changes the subcellular localization of Nek7. HEK 293T cells were transfected with YFP.Anks3, YFP fusions of the respective Anks3 truncations and
RFP.Nek7 as described. (A) YFP.Anks3 localized exclusively to the cytoplasm. Hoechst stains the DNA (A’). (B) RFP.Nek7 was ubiquitously distributed in the cell, both in the nucleus
and in the cytoplasm (B'). (C) After co-expression of YFP.Anks3 and RFP.Nek7, the RFP.Nek7 protein was excluded from the nucleus (C’, Hoechst) and localized exclusively to the
cytoplasm (C'). (D) Co-expression of RFP.Nek7 with YFP.Anks3.(Tr1+2) led to cytoplasmic localization of RFP.Nek?7. (E) In contrast, RFP.Anks3.Tr3 localized to both the nucleus and
the cytoplasm and it did not alter the RFP.Nek7 subcellular localization. Scale bars in all panels represent 10 pm.
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mitotic progression, including chromatin condensation, nuclear
envelope breakdown and cytokinesis [16]. Thus, it is likely that
Neks expression and localization are tightly regulated. Indeed, we
found that the interaction with Anks3 altered the subcellular
localization of Nek7. Previously it was shown that NEK7 in HelLa
cells is largely cytoplasmic and strongly enriched at the centro-
somes throughout the cell cycle [17]. In our experiments, overex-
pressed Nek7 in HEK 293T cells localized both to the nucleus and to
the cytoplasm. However, upon co-expression with Anks3, Nek7 was
virtually excluded from the nucleus. Given the importance of the
Nek kinases in mitotic progression, the cytoplasmic retention of
Nek?7 by Anks3 could represent a possible mechanism to prevent
cell cycle re-entry of differentiated epithelial cells.

Nek7, in turn, had a pronounced effect on the Anks3 post-
translational modification status. In the presence of Nek7, the
molecular weight of Anks3 was higher by approximately 20 kDa on
Western blots. Interestingly, Anks3 S/T phosphorylation was
increased in a Nek7-dependent manner, and the majority of the
phosphorylation sites mapped to the N-terminal ankyrin domain of
Anks3. However, phosphorylation alone could not explain the
Anks3 modification band, since mutating single or multiple phos-
phorylated residues, or treatment with phosphatase did not pre-
vent the Anks3 modification. Importantly, Anks3 was modified
even in the presence of a kinase-dead version of Nek7. One plau-
sible explanation is that Nek7 recruits other proteins that modify
Anks3. From the various possible modifications, we could exclude
mono-ubiquitination. However, one other potential modification,
which could explain the Anks3 molecular weight shift, is SUMOy-
lation. The SUMOplot program (Abgent, San Diego, USA) predicts
the presence of one highly probable site at amino acid 193—196
(VKVD) as well as four additional motifs (Supplemental Fig. 5).

While our study did not identify the nature of the Anks3 post-
translational modification, the presence of Nek7 increases S/T
phosphorylation preferentially within the N-terminal ankyrin
repeat-containing domain of Anks3, which could lead to the
recruitment of SUMO E3 ligases, or other protein modifying enzy-
matic activities. This modification may contribute to the nuclear
exclusion of Nek7, and prevent an undesired re-entry of interphase
cells into the cell cycle.

Conflict of interest

None.

Acknowledgments

We are grateful to members of the Renal Division for helpful
discussions. This work was funded by the collaborative research
center SFB 1140 (G.W.) of the Deutsche Forschungsgemeinschaft
(DFG).

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.bbrc.2015.07.063.

Transparency document

Transparency document related to this article can be found
online at http://dx.doi.org/10.1016/j.bbrc.2015.07.063.

References

[1] E. Hildebrandt, W. Zhou, Nephronophthisis-associated ciliopathies, . Am. Soc.
Nephrol. 18 (2007) 1855—1871, http://dx.doi.org/10.1681/ASN.2006121344.
T. Benzing, B. Schermer, Clinical spectrum and pathogenesis of nephronoph-
thisis, Curr. Opin. Nephrol. Hypertens. 21 (2012) 272—278, http://dx.doi.org/
10.1097/MNH.0b013e3283520f17.

F. Hildebrandt, T. Benzing, N. Katsanis, Ciliopathies, N. Engl. J. Med. 364 (2011)

1533—-1543, http://dx.doi.org/10.1056/NEJMra1010172.

J. Halbritter, ]J.D. Porath, K.A. Diaz, D.A. Braun, S. Kohl, M. Chaki, et al., Iden-

tification of 99 novel mutations in a worldwide cohort of 1,056 patients with a

nephronophthisis-related ciliopathy, Hum. Genet. 132 (2013) 865—884,

http://dx.doi.org/10.1007/s00439-013-1297-0.

T.A. Yakulov, T. Yasunaga, H. Ramachandran, C. Engel, B. Miiller, S. Hoff, et al.,

Anks3 interacts with nephronophthisis proteins and is required for normal

renal development, Kidney Int. (2015), http://dx.doi.org/10.1038/ki.2015.17.

S. Hoff, J. Halbritter, D. Epting, V. Frank, T.-M.T. Nguyen, J. van Reeuwijk, et al.,

ANKS6 is a central component of a nephronophthisis module linking NEK8 to

INVS and NPHP3, Nat. Genet. 45 (2013) 951—956, http://dx.doi.org/10.1038/

ng.2681.

L. Sang, J.J. Miller, K.C. Corbit, R.H. Giles, M.J. Brauer, E.A. Otto, et al., Mapping

the NPHP-JBTS-MKS Protein Network Reveals Ciliopathy Disease Genes and

Pathways, Cell 145 (2011) 513-528, http://dx.doi.org/10.1016/

j.cell.2011.04.019.

MJ. O'Connell, MJ.E. Krien, T. Hunter, Never say never. The NIMA-related

protein kinases in mitotic control, Trends Cell Biol. 13 (2003) 221-228,

http://dx.doi.org/10.1016/S0962-8924(03)00056-4.

S. Sdelci, M.T. Bertran, J. Roig, Nek9, Nek6, Nek7 and the separation of cen-

trosomes, Cell Cycle 10 (2011) 3816—3817, http://dx.doi.org/10.4161/

cc.10.22.18226.

[10] EE. de Souza, G.V. Meirelles, B.B. Godoy, AM. Perez, J.H.C. Smetana,
S.J. Doxsey, et al., Characterization of the Human NEK7 Interactome Suggests
Catalytic and Regulatory Properties Distinct from Those of NEKS, ]. Proteome
Res. 13 (2014) 4074—4090, http://dx.doi.org/10.1021/pr500437x.

[11] S. Cohen, A. Aizer, Y. Shav-Tal, A. Yanai, B. Motro, Nek7 kinase accelerates
microtubule dynamic instability, Biochim. Biophys. Acta BBA Mol. Cell Res.
1833 (2013) 1104—1113, http://dx.doi.org/10.1016/j.bbamcr.2012.12.021.

[12] L. O'Regan, A.M. Fry, The Nek6 and Nek7 protein kinases are required for
robust mitotic spindle formation and cytokinesis, Mol. Cell. Biol. 29 (2009)
3975—-3990, http://dx.doi.org/10.1128/MCB.01867-08.

[13] LK. Mosavi, T.J. Cammett, D.C. Desrosiers, Z. Peng, The ankyrin repeat as
molecular architecture for protein recognition, Protein Sci. Publ. Protein Soc.
13 (2004) 1435—1448, http://dx.doi.org/10.1110/ps.03554604.

[14] L.M. Quarmby, M.R. Mahjoub, Caught Nek-ing: cilia and centrioles, ]. Cell Sci.
118 (2005) 51615169, http://dx.doi.org/10.1242/jcs.02681.

[15] K.P. Lu, B.E. Kemp, A.R. Means, Identification of substrate specificity de-
terminants for the cell cycle-regulated NIMA protein kinase, J. Biol. Chem. 269
(1994) 6603—6607.

[16] A.M. Fry, L. O'Regan, S.R. Sabir, R. Bayliss, Cell cycle regulation by the NEK
family of protein kinases, J. Cell Sci. 125 (2012) 4423—4433, http://dx.doi.org/
10.1242[jcs.111195.

[17] S. Kim, K. Lee, K. Rhee, NEK7 is a centrosomal kinase critical for microtubule
nucleation, Biochem. Biophys. Res. Commun. 360 (2007) 56—62, http://
dx.doi.org/10.1016/j.bbrc.2007.05.206.

2

3

[4

(5

(6

(7

[8

[9


http://dx.doi.org/10.1016/j.bbrc.2015.07.063
http://dx.doi.org/10.1016/j.bbrc.2015.07.063
http://dx.doi.org/10.1016/j.bbrc.2015.07.063
http://dx.doi.org/10.1681/ASN.2006121344
http://dx.doi.org/10.1097/MNH.0b013e3283520f17
http://dx.doi.org/10.1097/MNH.0b013e3283520f17
http://dx.doi.org/10.1056/NEJMra1010172
http://dx.doi.org/10.1007/s00439-013-1297-0
http://dx.doi.org/10.1038/ki.2015.17
http://dx.doi.org/10.1038/ng.2681
http://dx.doi.org/10.1038/ng.2681
http://dx.doi.org/10.1016/j.cell.2011.04.019
http://dx.doi.org/10.1016/j.cell.2011.04.019
http://dx.doi.org/10.1016/S0962-8924(03)00056-4
http://dx.doi.org/10.4161/cc.10.22.18226
http://dx.doi.org/10.4161/cc.10.22.18226
http://dx.doi.org/10.1021/pr500437x
http://dx.doi.org/10.1016/j.bbamcr.2012.12.021
http://dx.doi.org/10.1128/MCB.01867-08
http://dx.doi.org/10.1110/ps.03554604
http://dx.doi.org/10.1242/jcs.02681
http://refhub.elsevier.com/S0006-291X(15)30293-X/sref15
http://refhub.elsevier.com/S0006-291X(15)30293-X/sref15
http://refhub.elsevier.com/S0006-291X(15)30293-X/sref15
http://refhub.elsevier.com/S0006-291X(15)30293-X/sref15
http://dx.doi.org/10.1242/jcs.111195
http://dx.doi.org/10.1242/jcs.111195
http://dx.doi.org/10.1016/j.bbrc.2007.05.206
http://dx.doi.org/10.1016/j.bbrc.2007.05.206

	Anks3 alters the sub-cellular localization of the Nek7 kinase
	1. Introduction
	2. Material and methods
	2.1. Reagents and plasmids
	2.2. Cell culture, transfection and imaging
	2.3. Co-immunoprecipitation (Co-IP) and western blot

	3. Results
	4. Discussion
	Conflict of interest
	Acknowledgments
	Appendix A. Supplementary data
	Transparency document
	References


