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Inositol Hexakisphosphate Kinase-2 in Cerebellar Granule
Cells Regulates Purkinje Cells and Motor Coordination via
Protein 4.1N

Latika Nagpal,' Chenglai Fu,' and Solomon H. Snyder!23
The Solomon H. Snyder Department of Neuroscience, and the Departments of 2Pharmacology and Molecular Sciences, and 3Psychiatry and Behavioral
Sciences, Johns Hopkins University School of Medicine, Baltimore, Maryland 21205

Inositol hexakisphosphate kinases (IP6Ks) regulate various biological processes. Among pyrophosphates generated by IP6Ks, diphos-
phoinositol pentakisphosphate (IP7), and bis-diphosphoinositol tetrakisphosphate have been extensively characterized. IP7 is produced
in mammals by a family of inositol hexakisphosphate kinases, IP6K1, IP6K2, and IP6K3, which have distinct biological functions. We
report that IP6K2 binds protein 4.1.N with high affinity and specificity. Nuclear translocation of 4.1N, which is required for its principal
functions, is dependent on IP6K2. Both of these proteins are highly expressed in granule cells of the cerebellum where their interaction
regulates Purkinje cell morphology and cerebellar synapses. The deletion of IP6K2 in male/female mice elicits substantial defects in
synaptic influences of granule cells upon Purkinje cells as well as notable impairment of locomotor function. Moreover, the disruption of
IP6K2-4.1N interactions impairs cell viability. Thus, IP6K2 and its interaction with 4.1N appear to be major determinants of cerebellar

disposition and psychomotor behavior.
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ignificance Statement

of cerebellar neurons, and psychomotor behavior.

Inositol phosphates are produced by a family of inositol hexakisphosphate kinases (IP6Ks)—IP6K1, IP6K2, and IP6K3. Of these,
the physiological roles of IP6K2 in the brain have been least characterized. In the present study, we report that IP6K2 binds
selectively to the neuronal protein 4.1N. Both of these proteins are highly expressed in granule cells of the cerebellum. Using IP6K2
knock-out (KO) mice, we establish that IP6K2- 4.IN interactions in granule cells regulate Purkinje cell morphology, the viability
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Introduction

Inositol phosphates act as molecular messengers regulating diverse
cellular functions throughout the animal and plant kingdoms.
Inositol 1,4,5-trisphosphate (IP3), which releases intracellular
calcium, has been studied in depth (Irvine and Schell, 2001; Sa-
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iardi et al., 2002, 2005; Luo et al., 2003; York et al., 2005). Inositol
pyrophosphates are derivatives that contain an energetic pyro-
phosphate bond analogous to ATP. Best characterized among
these are diphosphoinositol pentakisphosphate (IP7) whose 5’'-
diphosphate has energetic pyrophosphate properties (Saiardi et
al., 1999; Chakraborty et al., 2011a). While other isomers of IP7
have been reported, the predominant mammalian form contains
a5’ diphosphate pyrophosphate moiety and is known as diphos-
phoinositol pentakisphosphate (5-PP-IP5), which is also desig-
nated as IP7. IP7 is generated by three inositol hexakisphosphate
kinases (IP6Ks) that are the products of three separate genes
(Shears, 2007). Another isomer of IP7, 3-PP-IP5, is synthesized
by a distinct enzyme, Vip1l, and regulates cell shape, cell growth,
and phosphate disposition of yeast (Lee et al., 2007; Mulugu et al.,
2007).

Functions for the different forms of IP6K vary. Thus, IP6K1
impacts weight gain and insulin resistance (Bhandari et al., 2008).
IP7 formed by IP6K1 inactivates the protein kinase Akt, enhances
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glycogen synthase kinase 3 and inhibits the mammalian target of
rapamycin pathway (Chakraborty et al., 2010). IP6K2 was first
reported (Morrison et al., 2001) as a proapoptotic gene so that
mice with deleted IP6K2 are resistant to ionizing radiation and
display enhanced tumor formation. Cell survival associated with
heat shock protein 90 involves its binding IP6K2 to inhibit cata-
lytic activity so that mutations blocking this binding activate
IP6K2 and elicit cell death (Chakraborty et al., 2008). The death
of cells associated with activated IP6K2 is predominately medi-
ated by p53. IP6K2 acts by binding directly to p53 and decreasing
the expression of proarrest gene targets such as the cyclin-
dependent kinase inhibitor p21 (Koldobskiy et al., 2010). Casein
kinase-2, which elicits cell survival by phosphorylating and
degrading IP6K2 is upregulated during tumor formation
(Chakraborty et al., 2011b). IP6K3 regulates the disposition of
cerebellar Purkinje cells via interactions with spectrin and addu-
cin (Fu et al., 2015).

Heretofore, the biosynthesis of inositol phosphates in the
brain has been best characterized for IP6K1 and IP6K3, with
negligible investigation of IP6K2. We now report that IP6K2
plays a major role in the disposition of cerebellar granule cells in
which it is highly enriched. This pool of IP6K2 regulates Purkinje
cell morphology as well as motor coordination. The influence of
IP6K2 upon cerebellar disposition involves protein 4.1N, which
is also highly expressed in cerebellar granule cells. Protein 4.1N is
a neuronal-selective isoform of the erythrocyte membrane cyto-
skeleton protein 4.1R. The protein 4.1 family comprises a group
of cytoskeletal proteins that include 4.1R (erythrocyte), 4.1G
(general type), 4.1B (brain type), and 4.1N (neuron type). The
proteins are structurally related to erythroid membrane skeletal
protein 4.1R, which plays a critical role in determining the
morphology and mechanical stability of the red blood cell
plasma membrane. The 4.1 proteins are characterized by the
presence of three main conserved structural and functional
domains. The FERM domain (F, 4.1; E, ezrin; R, radixin; M,
moesin), a 30 kDa N-terminal membrane-binding domain,
possesses binding sites for the cytoplasmic tails of integral
membrane proteins such as band 3, glycophorin C, and CD44
(Parra et al., 2000). The 4.1N protein has previously been
shown to mediate the antiproliferative influences of nerve
growth factor by binding to the nuclear mitotic apparatus
protein (NuMA; Ye et al., 1999).

In the present study, we report the physiologic associa-
tion of 4.IN and IP6K2, whose disruption impacts cerebellar
disposition.

Materials and Methods

Reagents. Anti-IP6K1, IP6K2, IP6K3, 4.1N, 4.1R, 4.1B, and 4.1G an-
tibodies were purchased from Sigma-Aldrich. VGlutl and VGlut2
antibodies were purchased from Millipore. Antibodies against calbin-
din, calretinin, Arc, BDNF, Ras-related protein 5 (Rab 5), sorting
nexin 27 (SNX-27), Rheb, Fos-B, c-Fos, nerve growth factor (NGF),
and synaptophysin as well as rabbit and mouse IgG antibodies, were
procured from Santa Cruz Biotechnology. Alexa Fluor 488 goat anti-
rabbit and anti-mouse and Alexa Fluor 568 goat anti-mouse and
anti-rabbit IgG were purchased from Life Technologies. TP6K2
shRNA, 4.1N, and control shRNA plasmids were from Santa Cruz
Biotechnology. All other chemicals used were either purchased from
Sigma-Aldrich or Thermo Fisher Scientific.

Animals. Eight-week-old C57BL/6 male/female mice were used for all
the animal-based experiments. Animal breeding and procedures were
conducted in strict accordance with the NIH Guide for the Care and Use
of Laboratory Animals. Animal experiments were approved by the Johns
Hopkins University Animal Care and Use Committee. Animals were
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kept on a 12 h light/dark cycle and were provided food and water ad
libitum.

Coimmunoprecipitation. Cell lysates or mouse brain/cerebellar tissue
lysates were homogenized in lysis buffer (50 mm Tris, pH 7.4, 150 mm
NaCl, 0.5% Triton X-100, 4 pg/ml leupeptin, 2 pug/ml, 2 ug/ml chymo-
trypsin, 2 ug/ml pepstatin, 1 mm PMSF) on ice for 10 min. Equal
amounts of protein were incubated with the respective antibodies for 4 h
and immunoprecipitated using protein AG agarose beads. Beads were
washed (3X) with lysis buffer for 5 min each. Coimmunoprecipitates
were then resolved by SDS-PAGE and immunoblotted through Western
blotting. Anti-IgG antibodies were used as controls. Resolved bands were
also silver stained (using Silver Stain for Mass Spectrometry, Pierce) and
analyzed through liquid chromatography-tandem mass spectrometry
(LC-MS/MS).

LC-MS/MS analysis. In-gel proteins were trichloroacetic acid/acetone
precipitated and proteolyzed with trypsin. In-solution trypsin digestion
was performed as per standard protocols (Nagpal and Panda, 2015).
Peptides were desalted on Oasis u-HLB plates (Waters) and eluted with
60% acetonitrile/0.1% trifluoroacetic acid and dried. Desalted, digested
peptides were analyzed by LC-MS/MS on QExactive Plus using a 60 min
total gradient, resolution at 200 m/z, 70,000 for full MS and 35,000 for
MS/MS, and higher-energy collisional dissociation of 27. MS/MS
spectra were processed by Proteome Discoverer (version 1.4; Thermo
Fisher Scientific) in three ways, using the following three nodes: com-
mon; Xtract (spectra are extracted, charge state deconvoluted, and
deisotoped using Xtract option, at a resolution of 50,000 at 400 Da);
and an MS2 processor. MS2 spectra from three nodes were analyzed
with Mascot version 2.5.1 (Matrix Science) with a concatenated decoy
database, specifying mammalian species, trypsin as an enzyme used for
cleavage, precursor mass tolerance of 10 ppm, and fragment mass tolerance
0f 0.02 Da.

Cell culture and transfection conditions. N2A cells were grown in a
humid atmosphere of 5% CO, at 37°C in DMEM supplemented with
10% FBS, L-glutamine (2 mwm), penicillin (100 U/ml), and streptomycin
(100 pg/ml). PC-12 cells were maintained in DMEM supplemented with
10% FBS and 5% horse serum. Differentiation was initiated by the
addition of 50 ng/ml NGF with culture medium changed to DMEM
containing 2% horse serum and 1% FBS. Cells were transfected with
Lipofectamine LTX and incubated for 10—-12 h before the transfection
medium was replaced with serum-containing medium.

Double immunofluorescence staining and confocal microscopy. Cells
were grown in chamber slides, fixed using 4% paraformaldehyde (PFA),
and permeabilized by incubation with 0.01% Triton X-100 at 4°C for
5 min (Nagpal et al., 2013). Nonspecific sites were then blocked by incu-
bation with 5% goat serum. Subsequently, the cells were incubated with
the primary antibodies (1:100) following which the cells were stained
with respective fluorescent secondary antibodies (1:300). Nuclei were
counterstained with DAPI. Images were captured and analyzed using a
confocal microscope (LSM 700, Zeiss).

For immunofluorescence staining with brain sections, mice were per-
fused with 4% PFA, and brain slices were cut in sagittal sections using a
cryostat (Leica Biosystems). The sections were treated as described
above.

Golgi staining and hematoxylin and eosin staining. The 150-um-thick
brain sections were cut using a cryostat at —20°C. FD Rapid GolgiStain
Kit (FD Neurotechnologies) was used to perform the Golgi staining. The
hematoxylin and eosin (H&E) stain protocol followed was as described
before (Chakraborty et al., 2008).

Electron microscopy. For electron microscopy, mice were perfused with
2% glutaraldehyde and 2% PFA, and the samples were embedded into
EPON resin. Sections were then stained with uranyl acetate and lead
citrate and viewed using transmission electron microscopy. Synapses
were counted from at least six different fields of view.

Cell viability assay. Cell viability was measured using 2,3-Bis-(2-
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide  (XTT)
assay following protocols supplied by the manufacturer (Thermo Fisher Sci-
entific). N2A cells were seeded in 96-well plates and transfected with IP6K2
and K2 (A202-261) shRNA. Absorbance was measured at 450 nm to deter-
mine cell viability.
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Protein sequence of 4.1N
(1 -879amino acids)
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Figure 1. IP6K2 binds 4.1N in the brain. 4, Silver staining of SDS-PAGE of IP6K2 immunoprecipitates (lane 2) from wild-type mouse brain lysate showed the presence of 4.1N protein
(130 kDa) as a potential interacting partner of IP6K2 against IgG (lane1) as a control. B, Seventeen (17) 4.1N peptides (highlighted in yellow) were identified from IP6K2 immunopre-
cipitates using LC-MS/MS to confirm the identity of the 4.1N protein. ¢, Coimmunoprecipitates of IP6K2 from WT (lane 2) and IP6K2-knockout (K2-KO; lane 3) mouse brain lysates
immunoblotted (IB) with 4. 1N antibody confirmed the binding to 4.1N protein against IgG immunoprecipitate (IP) as a control (lane 1). D, Coimmunoprecipitates of IP6K2 blotted against
4.1N in neuronal cells also revealed its association with the 4.1N protein. Lane 1, IgG immunoprecipitate; lane 2, IP6K2 immunoprecipitates from N2A cell lysates; lane 3, IP6K2
immunoprecipitates from PC-12 cell lysates. E, GST-DNA constructs of different fragments of IP6K2 were transfected into N2A cells. Coimmunoprecipitates of such IP6K2 constructs
expressing cell lysates were blotted against 4.1N antibody. This revealed the binding site of IP6K2 with 4.1N to be present between residues 202 and 261 of IP6K2. F, Coimmunopre-
cipitation of IP6K2 from wild-type mouse brain lysates (lane 1) and IP6K2-KO mice brain lysates (lane 2, control) showed the binding of 4.1N and 4.1B to IP6K2. However, 4.1G and 4.1R
isoforms of the 4.1 family of proteins did not bind to IP6K2. G, Coimmunoprecipitates of 4.1N from mouse brain lysates were blotted against all three isoforms of IP6K (K1, K2, and K3).
Corresponding immunoblots against 1gG immunoprecipitates as a control (lane 2) showed selective binding of the 4.1N protein to IP6K2 and not to the IP6KT or IP6K3 isoforms.
H, Full-length IP6K2 and IP6K2 kinase dead mutants (K222A) were transfected into N2A cells. Inmunoblots of the lysates from both cells showed confirmatory binding of 4.1N (lane 1)
when compared with their IgG controls (lane 2) indicating that the binding of 4.1N to IP6K2 is not dependent on the kinase activity of the latter. Data are representative of three
independent experiments performed under identical conditions. 4.1N peptides detected through LC/MS-MS with their respective peptide identification probability, mascot ion score and

mascot identity score, Table 1-1, available at https://doi.org/10.1523/JNEUROSCI.1165-18.2018.t1-1.

In vivo cell proliferation assay. To compare cell proliferation in
wild-type (WT) and IP6K2 knock-out mice, 100 ug of 5-ethynyl-2'-
deoxyuridine (EdU) in PBS was injected intraperitoneally into adult
mice (8 weeks old) and brain tissues were harvested 96 h after the
injection. The brain tissues were then fixed in 4% PFA in PBS at 4°C
for 24 h. The tissue was then rinsed in PBS and was processed accord-
ing to the manufacturer protocols. Brain cerebellar sections were
stained using Click-iT EdU imaging kit (Invitrogen) with Alexa Fluor
488 azide for 30 min. The sections were then imaged under a confocal
microscope.

Mouse behavioral tests. The behavior tests were conducted on 8-week-
old mice at the Johns Hopkins University Brain Science Institute Behav-
ioral Core.

Rotarod test. Motor learning and coordination were examined in
IP6K2-KO mice by the rotarod test (Rotamex-5, Columbus Instru-
ments). Tests were conducted over a 3 d period where each mouse was
given five trials per day and latency to fall off the rotarod (speed as well as
time) was measured as it accelerated from 4 to 99 rpm over a 5 min
period. Before the start of the test, each mouse was given a habituation
trial by placing them on the rotarod rotating at a constant speed of 4 rpm

for 10 min. The highest and lowest latencies of the trials were discarded
and the average was taken from those remaining.

Open field tests. General locomotor activity of IP6K2-KO mice was
assessed by open field analysis (Photobeam Activity System, San Diego
Instruments). Mice were placed in the center of an enclosed acrylic
chamber and allowed to move freely for 20 min. The total peripheral and
central activities of the mice were recorded and analyzed.

Gait analysis. The CatWalk XT System (Noldus Information Technol-
ogies) was used to test or study walking patterns of IP6K2-KO mice
through already established protocols (Chakraborty et al., 2008).

Image quantification and statistical analysis. Images were quantified
with Image] software. For Western blots, the expression changes of
the proteins were evaluated by normalizing their recorded band in-
tensities against their input band (B-actin or GAPDH). Ponceau
membrane stain was also used as the loading control for cytosolic
fractions, and histone-H3A was used as a loading control for nuclear
fraction intensities as shown in the supporting histograms. Data are
presented as the mean = SD from at least three independent experi-
ments. The p values were calculated by two-tailed Student’s ¢ test or
one-way ANOVA.
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Figure2. Nucleartranslocation of 4.1N requires IP6K2 facilitation. A, Western blots show endogenous expression of IP6K2 in the cytosolic and nuclear fractions of wild-type mouse brain lysates.
B, Corresponding comparisons of 4.1N expression in the wild-type brain lysates and IP6K2-KO brain lysates. C, The relative levels of the protein bands in the immunoblot depicted in Aand B estimated
through normalization against their relevant inputs are shown in the histogram. D, E, Inmunoblots of N2A cell lysates demonstrated that both 4.1N as well as IP6K2 translocate into the nucleus of
N2A cells in the presence of NGF. However, in the absence of IP6K2, 4.1N failed to transfer into the nucleus of N2A cells. F, Experimental evidence that IP6K2 is a prime facilitator for nuclear
translocation of 4. 1N along with NGF in N2A cells. G, Immunoblots establish that NLS of IP6K2 is essential for the translocation of 4.1N into the nucleus, as 4.1N fails to translocate into the nucleus
when N2A cells are transfected with IP6K2 lacking NLS. H, Double-immunofluorescence staining of N2A cells against IP6K2 (green) and 4.1N (red) reveals significant nuclear translocation of 4.1N in
the presence of NGF and no nuclear expression of 4.1N in absence of IP6K2. Scale bar, 10 .em. Data are representative of three independent experiments performed under identical conditions. Data
are presented as the mean = SD: ***p < 0.001, **p << 0.01, *p << 0.05, analyzed by one-way ANOVA.
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Results

IP6K2 binds 4.1N

In an effort to identify proteins that physiologically interact with
IP6K2, we immunoprecipitated IP6K2 from brain lysates seeking
proteins that coprecipitate. A particularly prominent interactor
was protein 4.1N, hereafter designated as 4.IN (Fig. 1A). Sup-
porting an association of 4.1N with IP6K2 was our identification
of 17 discrete 4.1N peptides from IP6K2 immunoprecipitates
using LC-MS/MS (Fig. 1B, Tab. 1-1, available at https://doi.org/
10.1523/JNEUROSCI.1165-18.2018.t1-1).

We also observed direct binding of IP6K2 to 4.1N (Fig. 1C,D).
We examined various fragments of IP6K2, observing binding to
4.1N most robustly with IP6K2 (202-261), whereas negligible
binding occurred with IP6K2 (144-201; Fig. 1E).

Subtypes of protein 4.1 have been reported (Peters et al.,
1998). 4.1N is largely neuronal, 4.1R is most concentrated in red
blood cells, 4.1G is ubiquitously distributed, while 4.1B is most
highly expressed in the brain. IP6K2 bound strongly to 4.1N
and 4.1B and much less to 4.1R and 4.1G, indicating a rela-
tively selective association with neuronal forms of 4.1N (Fig.
1F). The selective nature of the IP6K2—4.1N association was
evident in our failure to detect any binding of 4.1N to IP6K1 or
IP6K3 (Fig. 1G).

A mutant form of IP6K2 wherein lysine-222 is transformed to
alanine, lacks catalytic activity (Saiardi et al., 2001). IP6K2-
K222A as well as wild-type IP6K2 bound to 4.1N (Fig. 1H). Thus,
the binding of these two proteins is not dependent upon IP6K2
catalytic activity.

Major functions of 4.1N require its translocation to the
nucleus (Ye et al., 1999, 2000). Thus, the antiproliferative ac-
tion of NGF requires nuclear translocation of 4.1N in associ-
ation with NuMA (Ye et al., 1999). We wondered whether
IP6K2 participates in this nuclear translocation process. In
subcellular fractionation of mouse brain homogenates, IP6K2
was equally distributed between nuclear and cytosolic frac-
tions (Fig. 2A, C). In IP6K2-deleted preparations, the propor-
tion of nuclear 4.1N was decreased by ~60%, indicating that
IP6K2 is responsible, at least in part, for the nuclear disposi-
tion of 4.1N (Fig. 2 B, C). NGF elicited nuclear translocation of
4.1N, which was abolished in IP6K2 knock-out preparations
(Fig. 2D, E). NGF also greatly enhanced the nuclear localiza-
tion of IP6K2 (Fig. 2D, F).

A critical role for IP6K2 in regulating the disposition of 4.1N
was evident in our finding that nuclear translocation of 4.1N was
abolished in N2A cells containing IP6K2 that lacks a nuclear lo-
calization signal (NLS; Fig. 2G). Double-immunofluorescence
staining of N2A cells confirmed the absence of nuclear pools of
4.1N in preparations lacking IP6K2 (Fig. 2H).

To develop further insight into linkages of 4.1N and IP6K2
in the brain, we immunoprecipitated IP6K2-deleted and wild-
type mouse brain lysates with antibodies to 4.1N (Fig. 3A) and
identified two prominent interactors, Rab 5 and SNX-27 (Fig.
3B, C). Direct binding studies revealed robust binding of 4.1N
to Rab 5 and to SNX-27. To assess possible physiologic rele-
vance for these interactions, we monitored levels of Rab 5 and
SNX-27 in IP6K2-deleted brains, observing a decrease of
~50% in both Rab 5 and SNX-27 expression in the mutants
(Fig. 3D,E).

To ascertain further neural roles for IP6K2, we monitored
levels of synaptically relevant proteins in IP6K2 knock-out brain
(Fig. 3F,G). We observed substantial decreases in levels of syn-
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aptophysin, NGF, Fos-B, and Arc in IP6K2 knock-out brains
(Fig. 3F,G).

Relationship of IP6K2 and 4.1N in cerebellar granule cells

We examined the localizations of IP6K2 and 4.1N by immuno-
fluorescence in the cerebellum. Both IP6K2 and 4.1N were local-
ized almost exclusively to cerebellar granule cells (Fig. 4A). To
ascertain the influence of IP6K2 upon the disposition of various
cerebellar cell types, we monitored calretinin, a marker for gran-
ule cells, and calbindin, which labels Purkinje cells (Fig. 4B).
Levels of both calretinin and calbindin were substantially de-
creased in IP6K2 mutant preparations. Consistent with the loss of
these cellular markers, the width of the molecular layer was re-
duced ~30% in IP6K2 knock-outs (Fig. 4C). However, the over-
all morphology of the WT and K2-KO mice brains as well as the
structure of the hippocampus and the cerebellum showed no
significant influence of IP6K2 deletion (Fig. 4-1, available at
https://doi.org/10.1523/INEUROSCI.1165-18.2018.f4-1). Rela-
tive numbers of granule cells were diminished ~25% in IP6K2
knockouts (Fig. 4D).

We examined whether these aberrations stem from altered
cellular development. We monitored the proliferation of cerebel-
lar cells in 8-week-old mice injected with EAU (Fig. 4E,F). The
proportion of EdU-labeled cells was decreased ~45% in IP6K2
mutants, which could account for the fewer adult neurons in the
mutant mice.

To elucidate regulatory mechanisms, we examined a contin-
uous cell line, N2A, in which we depleted IP6K2 by shRNA or
transfected IP6K2 lacking binding sites for 4.1N (Fig. 4G). Cell
viability was reduced ~25% in preparations with depletion of
IP6K2 and 35% with IP6K2 lacking binding site for 4.1N. Ac-
cordingly, it appears that both 4.1N and IP6K2 are required for
the optimal development of cerebellar neurons.

Parallel fiber-Purkinje cell synapses are depleted with loss

of IP6K2

As Purkinje cells are the principal targets of granule cells,
which are enriched in IP6K2, we explored the disposition of
Purkinje cells in IP6K2 mutants. The density of spines in Pur-
kinje cells as well as cellular volume were diminished 50—65% in
IP6K2 knock-out mice (Fig. 5A). We did not observe any significant
change in other cell types of the IP6K2-KO mouse brain (Fig. 5-1,
available at https://doi.org/10.1523/JNEUROSCI.1165-18.2018.5-
1).

We counted the numbers of synapses upon Purkinje cells. In
IP6K2 knock-out mice, the density of parallel fiber-Purkinje cell
synapses was decreased by ~50%. By contrast, there was no al-
teration in numbers of climbing fiber-Purkinje cell synapses (Fig.
5B). Electron microscopic analysis of cerebellar brain sections
provided similar findings, namely a 35% decrease of parallel
fiber-Purkinje cell synapses in the IP6K2 mutants (Fig. 5C).
However, the ultrastructure of synapses was relatively normal in
the knockouts.

How 4.1N influences the morphology and function of Pur-
kinje cells has not been characterized in detail. Conceivably, sites
on IP6K2 that recognize 4.1N may also mediate interactions with
other proteins that regulate Purkinje cells. A screen of such inter-
acting proteins broader than that performed in the present study
is beyond the scope of this investigation.

Defects in motor coordination of IP6K2 knock-out mice
We monitored the motor coordination of the mice using the
rotarod test (Fig. 6A4). Both male and female IP6K2 knock-out
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blotted with IP6K2 and 4.1N antibodies, respectively, revealed the binding of Rab 5 to both IP6K2 and 4.1N in wild-type mouse brain lysates. ¢, Immunoblot (IB) showed that SNX-27 binds to 4.1N
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mice displayed a substantially reduced latency to fall indicating a
defect in motor coordination (Fig. 6A). In open field tests, both
central and peripheral activity were reduced in IP6K2 mutants
(Fig. 6B). We also monitored gait, revealing a significant decrease
in stride length and speed of movement in the IP6K2 knock-out
mice (Fig. 6C).

Discussion

Among the three principal isoforms of IP6K, IP6K2 has been
least characterized. IP6K2 has been regarded as a predomi-
nantly p53-dependent proapoptotic enzyme, whose expres-
sion increases cell death, and whose functional or genetic

abrogation restores cell survival (Morrison et al., 2001;
Koldobskiy et al., 2010). Deletion of the IP6K2 gene results in
a predisposition to cancer and tumor formation (Rao et al.,
2014, 2015). However, little is known about the functions of
IP6K?2 in the brain, although it is selectively localized to neu-
ronal cells. Our finding that IP6K2 regulates cerebellar influ-
ences on motor behavior establishes a notable role for inositol
pyrophosphates in motor coordination.
IP7/bis-diphosphoinositol tetrakisphosphate (IP8) can also
be generated by members of the mammalian vasoactive intestinal
peptide (VIP) family (Fridy et al., 2007). Difference in function of
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sections contained fewer parallel fiber—Purkinje cell synapses compared with WT mouse brain. However, there was no difference in the climbing fiber—Purkinje cell synapses of IP6K2-KO mouse
cerebellum compared with wild type. Scale bar, 20 em. €, Electron microscopic analysis of the cerebellar molecular layer from IP6K2-KO mouse brain (8 weeks old) also revealed fewer synapses
compared with WT mouse brain. However, the ultrastructure of synapses in the cerebellum was relatively normal in the IP6K2-KO0. Scale bar, 500 nm. Data were (Figure legend continues.)
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Figure 6.  IP6K2-KO mice show deficiencies in motor coordination and locomotor activity. A, Motor learning and coordination were compared between the IP6K2-KO and WT mice by the rotarod

test. This test revealed reduced motor learning and coordination in the IP6K2-KO mice compared with WT mice. B, General locomotor activity in IP6K2-KO mice was assessed by the open field
analysis. Such behavioral analysis also revealed reduced peripheral as well as central activity in IP6K2-KO mice when compared with WT mice. , Gaitanalysis in IP6K2-KO mice also showed significant
decreasesin stride length and average speed of movement with respect to WT mice. However, there was no significant change between the paw print width of the WT and K2-KO mice. Data shown
are representative of three independent experiments done under identical conditions with the mean == SD: ***p <C0.001, **p << 0.01.

inositol pyrophosphates generated by VIPs rather than IP6 ki-
nases have not yet been characterized in depth. The study by
Fridy et al. (2007) contrasted yeast VIPs with human IP6/IP7
kinases in terms of their comparative formation of IP7/IP8.
Proteins of the 4.1 family are differentially distributed, sug-
gesting that its subtypes serve different functions depending on
their specific tissue localization (Peters et al., 1998). Neuronal
localizations of 4.1N are consistent with its influences upon syn-
aptic proteins. 4.1N binds AMPA-glutamate receptors and facil-
itates their synaptic trafficking (Shen et al., 2000; Lin et al., 2009).
Italso impacts the disposition of dopamine receptors and appears

<«

(Figure legend continued.)  statistically analyzed by paired Student’s ¢ test. Significant differ-
ences (***p << 0.001, **p << 0.01) were observed in comparison with wild-type controls. Data
are presented as the mean = SD and are representative of three independent experiments
performed under identical conditions. Golgi staining of IP6K2-knockout (KO) mice cerebellum
with no significant morphological changes in pyramidal cells, granule cells, stellate cells and
Golgi cells when compared to their wild-type (WT) counterparts, as shown in Figure 5-1, avail-
able at https://doi.org/10.1523/JNEUR0SCI.1165-18.2018.f5-1.

to facilitate their anchoring to the cytoskeleton (Binda et al.,
2002). Whether IP6K2 affects these processes via 4.1N is unclear.
4.1N may also influence calcium disposition through its binding
to IP3 receptors (Fiedler and Nathanson, 2011). How IP3 and IP7
generated by IP6K2, interface is also not known. We previously
demonstrated that NGF induces interactions between the protein
PIKE (PI3Kinase Enhancer) and 4.1N, leading to nuclear trans-
location of 4.1N (Ye et al., 2000). Our present findings support a
dominant role for IP6K2 in eliciting such NGF-induced nuclear
translocation of 4.1N, while NGF also enhances the nuclear lo-
calization of IPK62.

We explored potential functions of IP6K2 by seeking binding
partners and observed robust interactions of [IP6K2 with 4.1N,
which, like IP6K2, is highly expressed in cerebellar granule cells
(Peters et al., 1998). This binding was selective, as it was not
evident for IP6K1 or IP6K3. Moreover, nuclear translocation of
4.1N, which is required for its principal functions, was also de-
pendent on IP6K2. Apart from 4.1N, the interactome of IP6K2
revealed two other proteins: SNX-27 and Rab 5. SNX-27, a brain-
enriched PDZ domain protein, has been implicated in AMPA
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receptor trafficking (Loo et al., 2014), which is consistent with a
similar role for 4.1N (Saiardi et al., 2001). SNX27 also facilitates
excitatory synaptic function (Wang et al., 2013) as well as
ependymal cell differentiation and ciliogenesis (Wang et al.,
2016). Rab 5 controls synaptic functioning in Caenorhabditis
elegans (Sann et al., 2012; Sasidharan et al., 2012).

Particularly striking was the impact of IP6K2, localized to
granule cells, upon Purkinje cells in the cerebellum. The deletion
of IP6K2 led to substantial defects in synaptic influences of gran-
ule cells upon Purkinje cells with a drastic decrease in the density
of parallel fiber-Purkinje cell synapses. Reduced expression of
proteins involved in synaptic transmission was also observed in
the brains of IP6K2 knock-out mice, consistent with the observed
loss in synaptic functions. The notable defects of motor coordi-
nation, a major cerebellar function, in the IP6K2 knock-out mice
presumably reflect diminution of IP6K2 and its decreased asso-
ciation with 4.IN. Cerebellar neuronal cell viability was also
reduced in both IP6K2 and 4.1N-deficient neuronal cells, indi-
cating that both of these factors are essential for optimal devel-
opment of cerebellar neurons.

How the three isoforms of IP6K interface is unclear. In pre-
liminary experiments, we conducted functional epistatic analysis
using LC-MS/MS techniques, which failed to reveal the influ-
ences of IP6K1 or IP6K3 upon IP6K2—4.1N interactions.

In summary, our study reveals a linkage of IP6K2 with 4.1N,
which contributes to Purkinje cell morphology, the viability of
cerebellar neurons, and the synaptic and locomotor functions
controlled by the cerebellum.
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