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 29 

Inositol hexakisphosphate kinases (IP6Ks) regulate various biological processes. Among 30 

pyrophosphates generated by IP6Ks, diphosphoinositol pentakisphosphate (IP7) and bis-31 

diphosphoinositol tetrakisphosphate (IP8) have been extensively characterized. IP7 is 32 

produced in mammals by a family of inositol hexakisphosphate kinases, IP6K1, IP6K2 and 33 

IP6K3, which have distinct biological functions. We report that IP6K2 binds protein 4.1.N with 34 

high affinity and specificity. Nuclear translocation of 4.1N, which is required for its principal 35 

functions, is dependent on IP6K2. Both of these proteins are highly expressed in granule cells 36 

of the cerebellum where their interaction regulates Purkinje cell morphology and cerebellar 37 

synapses. Deletion of IP6K2 in male/female mice elicits substantial defects in synaptic 38 

influences of granule cells upon Purkinje cells as well as notable impairment of locomotor 39 

function. Moreover, disruption of IP6K2-4.1N interactions, impairs cell viability. Thus, IP6K2 40 

and its interaction with 4.1N appear to be major determinants of cerebellar disposition and 41 

psychomotor behavior. 42 

 43 

SIGNIFICANCE STATEMENT – Inositol phosphates are produced by a family of inositol 44 

hexakisphosphate kinases (IP6Ks) – IP6K1, K2 and K3. Of these, physiological roles of IP6K2 in 45 

the brain have been least characterized. In the present study we report that IP6K2 binds 46 

selectively to the neuronal protein 4.1N. Both of these proteins are highly expressed in granule 47 

cells of the cerebellum. With the use of IP6K2 knockout mice we establish that IP6K2 - 4.1N 48 

interactions in granule cells regulate Purkinje cell morphology, viability of cerebellar neurons 49 

and psychomotor behavior. 50 
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 51 

INTRODUCTION  52 

Inositol phosphates act as molecular messengers regulating diverse cellular functions 53 

throughout the animal and plant kingdoms. Inositol 1,4,5-trisphosphate (IP3), which releases 54 

intracellular calcium, has been studied in depth (Irvine and Schell, 2001; Luo et al., 2003; Saiardi 55 

et al., 2005; York et al.,2005; Saiardi et al., 2002). Inositol pyrophosphates are derivatives which 56 

contain an energetic pyrophosphate bond analogous to ATP. Best characterized among these 57 

are diphosphoinositol pentakisphosphate (IP7) whose 5’-diphosphate has energetic 58 

pyrophosphate properties (Saiardi et al., 1999; Chakraborty et al., 2011). While other isomers of 59 

IP7 have been reported, the predominant mammalian form contains a 5’ diphosphate 60 

pyrophosphate moiety and is known as diphosphoinositol pentakisphosphate (5-PP-IP5), which 61 

is also designated as IP7. IP7 is generated by three inositol hexakisphosphate kinases (IP6Ks) 62 

that are the products of three separate genes (Shears, 2007). Another isomer of IP7, 3-PP-IP5, is 63 

synthesized by a distinct enzyme, Vip1, and regulates cell shape, growth, and phosphate 64 

disposition of yeast (Mulugu et al., 2007; Lee et al., 2007). 65 

   Functions for the different forms of IP6K vary. Thus, IP6K1 impacts weight gain and 66 

insulin resistance (Bhandari et al., 2008). IP7 formed by IP6K1 inactivates the protein kinase Akt, 67 

enhances glycogen synthase kinase  (GSK3 ) and inhibits the mTOR pathway (Chakraborty et 68 

al., 2010). IP6K2 was first reported as a pro-apoptotic gene so that mice with deleted IP6K2 are 69 

resistant to ionizing radiation and display enhanced tumor formation (Morrison et al., 2001). 70 

Cell survival associated with heat shock protein 90 (HSP90) involves its binding IP6K2 to inhibit 71 

catalytic activity so that mutations blocking this binding activate IP6K2 and elicit cell death 72 



 

3 
 

(Chakraborty et al., 2008). Death of cells associated with activated IP6K2 is predominately 73 

mediated by p53. IP6K2 acts by binding directly to p53 and decreasing the expression of 74 

proarrest gene targets such as the cyclin-dependent kinase inhibitor p21 (Koldobskiy et al., 75 

2010). Casein kinase-2 (CK2) which elicits cell survival by phosphorylating and degrading IP6K2 76 

is upregulated during tumor formation (Chakraborty et al., 2011). IP6K3 regulates the 77 

disposition of cerebellar Purkinje cells via interactions with spectrin and adducin (Fu et al., 78 

2015). 79 

Heretofore the biosynthesis of inositol phosphates in the brain has been best 80 

characterized for IP6K1 and IP6K3, with negligible investigation of IP6K2. We now report that 81 

IP6K2 plays a major role in the disposition of cerebellar granule cells in which it is highly 82 

enriched. This pool of IP6K2 regulates Purkinje cell morphology as well as motor coordination. 83 

The influence of IP6K2 upon cerebellar disposition involves protein 4.1N, which is also highly 84 

expressed in cerebellar granule cells. Protein 4.1N is a neuronal selective isoform of the 85 

erythrocyte membrane cytoskeleton protein 4.1R. The protein 4.1 family comprises a group of 86 

cytoskeletal proteins that include 4.1R (erythrocyte), 4.1G (general type), 4.1B (brain type), and 87 

4.1N (neuron type). The proteins are structurally related to erythroid membrane skeletal 88 

protein 4.1R, which plays a critical role in determining the morphology and mechanical stability 89 

of the red blood cell plasma membrane. 4.1 proteins are characterized by the presence of three 90 

main conserved structural and functional domains. The FERM domain (F, 4.1; E, ezrin; R, 91 

radixin; M, moesin), a 30-kDa N-terminal membrane-binding domain, possesses binding sites 92 

for the cytoplasmic tails of integral membrane proteins such as band 3, glycophorin C and CD44 93 

(Parra et al., 2000). 4.1N has previously been shown to mediate the antiproliferative influences 94 
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of nerve growth factor by binding to the nuclear mitotic apparatus protein (NuMA) (Ye et al., 95 

1999). 96 

In the present study, we report the physiologic association of 4.1N and IP6K2, whose 97 

disruption impacts cerebellar disposition.  98 

 99 

MATERIALS AND METHODS 100 

 101 

Reagents – Anti-IP6K1, IP6K2, IP6K3, 4.1N, 4.1R, 4.1B and 4.1G antibodies were purchased from 102 

Sigma-Aldrich. VGlut1 and VGlut2 antibodies were purchased from Millipore. Antibodies against 103 

calbindin, calretinin, Arc, BDNF, Rab 5, SNX-27, Rheb, Fos-B, c-Fos, NGF, and synaptophysin as 104 

well as rabbit and mouse IgG antibodies, were procured from Santa Cruz Biotechnology. Alexa 105 

488 goat anti-rabbit and anti-mouse and Alexa 568 goat anti-mouse and anti-rabbit IgG were 106 

purchased from Life Technologies. IP6K2 shRNA, 4.1N and control shRNA plasmids were from 107 

Sigma-Aldrich. All other chemicals used were either purchased from Sigma-Aldrich or Thermo 108 

Fisher Scientific. 109 

 110 

Animals - Eight-week old C57BL/6 male/female mice were used for the all the animal-based 111 

experiments. Animal breeding and procedures were conducted in strict accordance with the 112 

NIH guide for care and use of laboratory animals. Animal experiments were approved by the 113 

Johns Hopkins University Animal Care and Use Committee (JHU ACUC). Animals were kept on a 114 

12-h light and dark cycle and were provided food and water ad libitum. 115 

 116 
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Co-immunoprecipitation – Cell lysates or mouse brain/cerebellar tissue lysates were 117 

homogenized in lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 0.5% Triton X-100, 4 μg/mL 118 

leupeptin, 2 μg/mL  , 2 μg/mL chymotrypsin, 2 μg/mL pepstatin, 1 mM PMSF) on ice for 10 119 

mins. Equal amounts of protein were incubated with the respective antibodies for 4 hrs and 120 

immunoprecipitated using protein AG agarose beads. Beads were washed (3X) with lysis buffer 121 

for 5 mins each. Co-immunoprecipitates were then resolved by SDS-PAGE and immunoblotted 122 

through western blotting. Anti-IgG antibodies were used as controls. Resolved bands were also 123 

silver stained (using Pierce Silver Stain for Mass Spectrometry) and analyzed through Mass 124 

spectrometry (LC-MS/MS). 125 

 126 

Liquid Chromatography Mass spectrometry (LC/MS-MS) Analysis – In-gel proteins were 127 

TCA/acetone precipitated and proteolyzed with trypsin. In-solution trypsin digestion was 128 

performed as per standard protocols (Nagpal and Panda, 2015). Peptides were desalted on 129 

Oasis u-HLB plates (Waters) and eluted with 60% ACN/0.1%TFA and dried. Desalted, digested 130 

peptides were analyzed by LC/MS/MS on QExactive Plus in FTFT using 60 min total gradient, 131 

resolution at 200Da 70K for full MS and 35K for MS2. HCD collision energy27. Tandem MS2 132 

spectra were processed by Proteome Discoverer (v1.4 ThermoFisher Scientific) in three ways, 133 

using 3Nodes: common, Xtract (spectra are extracted, charge state deconvoluted, and 134 

deisotoped using Xtract option, at resolution 50K at 400Da) and MS2 Processor. MS/MS spectra 135 

from 3Nodes were analyzed with Mascot v.2.5.1 Matrix Science, London, UK using database 136 

with concatenated decoy database, specifying mammalian species, trypsin as enzyme used for 137 

cleavage,  precursor mass tolerance 10 ppm and fragment mass tolerance 0.02 Da. 138 
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 139 

Cell culture and transfection conditions –  N2A cells were grown in a humid atmosphere of 5% 140 

CO2 at 37°C in DMEM supplemented with 10% FBS, L-glutamine (2 mM), penicillin (100 141 

units/ml), and streptomycin (100 μg/ml). PC-12 cells were maintained in DMEM supplemented 142 

with 10% FBS and 5% horse serum. Differentiation was initiated by addition of 50 ng/ml NGF 143 

with culture medium changed to DMEM containing 2% horse serum and 1% FBS. Cells were 144 

transfected with lipofectamine LTX and incubated for 10–12 h before the transfection medium 145 

was replaced with serum-containing medium. 146 

 147 

Double immunofluorescence staining and confocal microscopy - Cells were grown in chamber 148 

slides, fixed using 4% paraformaldehyde and permeabilized by incubation with 0.01% Triton X-149 

100 at 4°C for 5 min (Nagpal et al., 2013). Non-specific sites were then blocked by incubation 150 

with 5% goat serum. Subsequently, the cells were incubated with the primary antibodies 151 

(1:100) following which the cells were stained with respective fluorescent secondary antibodies 152 

(1:300). Nuclei were counterstained with DAPI. Images were captured and analyzed using a 153 

confocal microscope (Zeiss LSM 700). 154 

For immunofluorescence staining with brain sections, mice were perfused with 4% 155 

paraformaldehyde, and brain slices were cut in sagittal section using Cryostat (Leica 156 

Biosystems). The sections were treated as described above. 157 

 158 

Golgi staining and Hematoxylin & Eosin (H&E) staining - 150 μm thick brain sections were cut 159 

using a cryostat at -20 °C. FD Rapid Golgi Stain Kit (FD Neurotechnologies) was used to perform 160 
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the Golgi staining. The H&E stain protocol followed was as described before (Chakraborty et al., 161 

2008). 162 

 163 

Electron Microscopy - For electron microscopy, mice were perfused with 2% glutaraldehyde 164 

and 2% paraformaldehyde, and the samples were embedded into EPON resin. Sections were 165 

then stained with uranyl acetate and lead citrate and viewed using transmission electron 166 

microscopy.  Synapses were counted from at least six different fields of view. 167 

 168 

Cell viability assay - Cell viability was measured using 2,3-Bis-(2-Methoxy-4-Nitro-5-169 

Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide) (XTT) assay following protocols supplied by the 170 

manufacturer (Thermo Fisher Scientific). N2A cells were seeded in 96-well plates and 171 

transfected with IP6K2 and 4.1N ShRNA. Absorbance was measured at 450 nm to determine 172 

cell viability. 173 

 174 

In-vivo cell proliferation assay – To compare cell proliferation in wild-type and IP6K2- knockout 175 

mice, 100 μg of EdU in PBS was injected intraperitoneally into adult mice (8 weeks old) and 176 

brain tissues were harvested 96 hrs after the injection. The brain tissues were then fixed in 4% 177 

paraformaldehyde (PFA) in PBS at 4ºC for 24 hrs. The tissue was then rinsed in PBS and was 178 

processed according to the manufacturer’s protocols. Brain cerebellar sections were stained 179 

using Click-iT Edu imaging kit (Invitrogen) with Alexa 488 azide for 30 min. The sections were 180 

then imaged under a confocal microscope. 181 

 182 
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Mouse behavioral tests – The behavior tests were conducted on 8-week old mice at the Johns 183 

Hopkins University Brain Science Institute Behavioral Core. 184 

a. Rotarod test - Motor learning and coordination were examined in IP6K2-KO mice by the 185 

rotarod test (Rotamex-5; Columbus Instruments). Tests were conducted over a 3 day 186 

period where each mouse was given five trials per day and latency to fall off the rotarod 187 

(speed as well as time) was measured as it accelerated from 4 to 99 rpm over a 5 min 188 

period. Before the start of the test, each mouse was given a habituation trial by placing 189 

them on the rotarod rotating at a constant speed of 4 rpm for 10 min. The highest and 190 

lowest latencies of the trials were discarded and the average taken from those 191 

remaining. 192 

b. Open field tests (OFT) - General locomotor activity of IP6K2-KO mice was assessed by 193 

open field analysis (Photobeam Activity System; San Diego Instruments). Mice were 194 

placed in the center of an enclosed acrylic chamber and allowed to move freely for 20 195 

mins. The total peripheral and central activity of mice were recorded and analyzed. 196 

c. Gait Analysis - The CatWalk XT system (Noldus Information Technologies) was used to 197 

test or study walking patterns of IP6K2-KO mice through already established protocols 198 

(Chakraborty et al., 2008). 199 

 200 

Image quantification and statistical analysis - Images were quantified with ImageJ software. 201 

For western blots, the expression changes of the proteins were evaluated by normalizing their 202 

recorded band intensities against their input band (β-actin or GAPDH). Ponceau membrane 203 

stain was also used as the loading control for cytosolic fractions, histone-H3A was used as a 204 
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loading control for nuclear fraction intensities as shown in the supporting histograms. Data are 205 

presented as means ± SD from at least three independent experiments. P values were 206 

calculated by two-tailed Student’s t test or one-way ANOVA. 207 

 208 

RESULTS 209 

IP6K2 binds 4.1N 210 

 211 

In an effort to identify proteins that physiologically interact with IP6K2, we 212 

immunoprecipitated IP6K2 from brain lysates seeking proteins that co-precipitate. A 213 

particularly prominent interactor was protein 4.1N, hereafter designated as 4.1N (Fig. 1A). 214 

Supporting an association of 4.1N with IP6K2 was our identification of 17 discrete 4.1N peptides 215 

from IP6K2 immunoprecipitates utilizing LC/MS-MS mass spectrometry (Fig. 1B, Extended data : 216 

Table 1-1).    217 

We also observed direct binding of IP6K2 to 4.1N (Fig. 1C & 1D). We examined various 218 

fragments of IP6K2, observing binding to 4.1N most robustly with IP6K2 (202-261), whereas 219 

negligible binding occurred with IP6K2 (144-201) (Fig. 1E). 220 

Subtypes of protein 4.1 have been reported (Peters et al., 1998). 4.1N is largely 221 

neuronal, 4.1R is most concentrated in red blood cells, 4.1G is ubiquitously distributed, while 222 

4.1B is most highly expressed in the brain.  IP6K2 bound strongly to 4.1N and 4.1B and much 223 

less to 4.1R and 4.1G, indicating a relatively selective association with neuronal forms of 4.1N 224 

(Fig. 1F). The selective nature of the IP6K2 - 4.1N association was evident in our failure to detect 225 

any binding of 4.1N to IP6K1 or IP6K3 (Fig. 1G). 226 
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A mutant form of IP6K2 wherein lysine-222 is transformed to alanine, lacks catalytic 227 

activity (Saiardi et al., 2001). IP6K2-K222A as well as wild-type IP6K2 bound to 4.1N (Fig. 1H). 228 

Thus, the binding of these two proteins is not dependent upon IP6K2 catalytic activity. 229 

Major functions of 4.1N require its translocation to the nucleus (Ye et al., 1999, Ye et al., 230 

2000). Thus, the anti-proliferative action of nerve growth factor (NGF) requires nuclear 231 

translocation of 4.1N in association with NuMA (Ye et al., 1999). We wondered whether IP6K2 232 

participates in this nuclear translocation process. In subcellular fractionation of mouse brain 233 

homogenates, IP6K2 was equally distributed between nuclear and cytosolic fractions (Fig. 2A 234 

and 2C). In IP6K2 deleted preparations the proportion of nuclear 4.1N was decreased by about 235 

60 percent, indicating that IP6K2 is responsible, at least in part, for the nuclear disposition of 236 

4.1N (Fig. 2B and 2C). NGF elicited nuclear translocation of 4.1N, which was abolished in IP6K2 237 

knockout preparations (Fig. 2D and 2E). NGF also greatly enhanced the nuclear localization of 238 

IP6K2 (Fig. 2D and 2F). 239 

A critical role for IP6K2 in regulating 4.1N’s disposition was evident in our finding that 240 

nuclear translocation of 4.1N was abolished in N2A cells containing IP6K2 that lacks a nuclear 241 

localization signal (NLS) (Fig. 2G). Double immunofluorescence staining of N2A cells confirmed 242 

the absence of nuclear pools of 4.1N in preparations lacking IP6K2 (Fig. 2H). 243 

To develop further insight into linkages of 4.1N and IP6K2 in the brain, we 244 

immunoprecipitated IP6K2-deleted and wild type mouse brain lysates with antibodies to 4.1N 245 

(Fig. 3A) and identified two prominent interactors, Rab 5 (Ras-related protein 5) and SNX-27 246 

(Fig. 3B and 3C). Direct binding studies revealed robust binding of 4.1N to Rab 5 and to SNX-27. 247 

To assess possible physiologic relevance for these interactions, we monitored levels of Rab 5 248 
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and SNX-27 in IP6K2 deleted brains, observing about a 50 percent decrease in both Rab 5 and 249 

SNX-27 expression in the mutants (Fig. 3D and 3E). 250 

To ascertain further neural roles for IP6K2, we monitored levels of synaptically relevant 251 

proteins in IP6K2 knockout brain (Fig. 3F and 3G). We observed substantial decreases in levels 252 

of synaptophysin, NGF, Fos-B and Arc in IP6K2 knockout brains (Fig. 3F and 3G). 253 

 254 

Relationship of IP6K2 and 4.1N in cerebellar granule cells 255 

 256 

We examined the localizations of IP6K2 and 4.1N by immunofluorescence in the cerebellum. 257 

Both IP6K2 and 4.1N were localized almost exclusively to cerebellar granule cells (Fig. 4A). To 258 

ascertain the influence of IP6K2 upon the disposition of various cerebellar cell types, we 259 

monitored calretinin, a marker for granule cells, and calbindin, which labels Purkinje cells (Fig. 260 

4B). Levels of both calretinin and calbindin were substantially decreased in IP6K2 mutant 261 

preparations. Consistent with the loss of these cellular markers, the width of the molecular 262 

layer was reduced about 30 percent in IP6K2 knockouts (Fig. 4C). However, the overall 263 

morphology of the WT and K2-KO mice brains as well as the structure of the hippocampus and 264 

the cerebellum showed no significant influence of IP6K2 deletion (Extended data : Figure 4-1). 265 

Relative numbers of granule cells were diminished about 25 percent in IP6K2 knockouts (Fig. 266 

4D). 267 

We examined whether these aberrations stem from altered cellular development. We 268 

monitored the proliferation of cerebellar cells in 8 week old mice injected with Edu (Fig. 4E and 269 
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4F).  The proportion of Edu labeled cells was decreased about 45 percent in IP6K2 mutants, 270 

which could account for the fewer adult neurons in the mutant mice. 271 

To elucidate regulatory mechanisms, we examined a continuous cell line, N2A, in which 272 

we depleted IP6K2 by shRNA or transfected IP6K2 lacking binding sites for 4.1N (Fig. 4G). Cell 273 

viability was reduced about 25 percent in preparations with depletion of IP6K2 and 35 percent 274 

with IP6K2 lacking binding site for 4.1N.  Accordingly, it appears that both 4.1N and IP6K2 are 275 

required for optimal development of cerebellar neurons. 276 

 277 

Parallel fiber-Purkinje cell synapses are depleted with loss of IP6K2 278 

 279 

As Purkinje cells are the principal targets of granule cells, which are enriched in IP6K2, 280 

we explored the disposition of Purkinje cells in IP6K2 mutants. The density of spines in Purkinje 281 

cells as well as cellular volume were diminished 50-65 percent in IP6K2 knockout mice (Fig. 5A).  282 

We did not observe any significant change in other cell types of the IP6K2-KO mouse brain 283 

(Extended data : Figure 5-1). 284 

We counted numbers of synapses upon Purkinje cells. In IP6K2 knockout mice the 285 

density of parallel fiber-Purkinje cell synapses was decreased by about 50 percent. By contrast, 286 

there was no alteration in numbers of climbing fiber-Purkinje cell synapses (Fig. 5B). Electron 287 

microscopic analysis of cerebellar brain sections provided similar findings, namely a 35 percent 288 

decrease of parallel fiber-Purkinje cell synapses in the IP6K2 mutants (Fig. 5C). However, the 289 

ultrastructure of synapses was relatively normal in the knockouts. 290 
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How 4.1 N influences the morphology and function of Purkinje cells has not been 291 

characterized in detail. Conceivably, sites on IP6K2 which recognize 4.1 N may also mediate 292 

interactions with other proteins that regulate Purkinje cells. A screen of such interacting 293 

proteins broader than that performed in the present study is beyond the scope of this 294 

investigation. 295 

 296 

Defects in motor coordination of IP6K2 knockout mice 297 

 298 

We monitored motor coordination of the mice utilizing the rotarod test (Fig. 6A). Both 299 

male and female IP6K2 knockout mice displayed a substantially reduced latency to fall 300 

indicating a defect in motor coordination (Fig. 6A). In open field tests both central and 301 

peripheral activity was reduced in IP6K2 mutants (Fig. 6B). We also monitored gait, revealing a 302 

significant decrease in stride length and speed of movement in the IP6K2 knockout mice (Fig. 303 

6C). 304 

 305 

DISCUSSION 306 

 307 

Among the three principal isoforms of IP6K, IP6K2 has been least characterized. IP6K2 308 

has been regarded as a predominantly p53 dependent pro-apoptotic enzyme, whose 309 

expression increases cell death, and whose functional or genetic abrogation restores cell 310 

survival (Morrison et al., 2001; Koldobskiy et al., 2010). Deletion of the IP6K2 gene results in a 311 

predisposition to cancer and tumor formation (Rao et al., 2015; Rao et al., 2014). However, 312 
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little is known about the functions of IP6K2 in the brain although it is selectively localized to 313 

neuronal cells. Our finding that IP6K2 regulates cerebellar influences on motor behavior 314 

establishes a notable role for inositol pyrophosphates in motor coordination. 315 

IP7/IP8 can also be generated by members of the mammalian VIP (mVIP) family (Fridy et 316 

al., 2007). Difference in function of inositol pyrophosphates generated by VIPs rather than 317 

IP6kinases have not yet been characterized in depth. Study by York and collaborators (Fridy et 318 

al., 2007) contrasted yeast VIPs with human IP6/IP7 kinases in terms of their comparative 319 

formation of IP7/IP8. 320 

Proteins of the 4.1 family are differentially distributed, suggesting that its sub-types 321 

serve different functions depending on their specific tissue localization (Peters et al., 1998). 322 

Neuronal localizations of 4.1N are consistent with its influences upon synaptic proteins. 4.1N 323 

binds AMPA-glutamate receptors and facilitates their synaptic trafficking (Shen et al., 2000; Lin 324 

et al., 2009). It also impacts the disposition of dopamine receptors and appears to facilitate 325 

their anchoring to the cytoskeleton (Binda et al., 2002). Whether IP6K2 affects these processes 326 

via 4.1N is unclear. 4.1N may also influence calcium disposition through its binding to IP3 327 

receptors (Fiedler et al., 2011). How IP3 and IP7 generated by IP6K2, interface is also not 328 

known. We previously demonstrated that NGF induces interactions between the protein PIKE 329 

(PI3Kinase Enhancer) and 4.1N, leading to nuclear translocation of 4.1N (Ye et al., 2000). Our 330 

present findings support a dominant role for IP6K2 in eliciting such NGF-induced nuclear 331 

translocation of 4.1N, while NGF also enhances the nuclear localization of IPK62. 332 

We explored potential functions of IP6K2 by seeking binding partners and observed 333 

robust interactions of IP6K2 with 4.1N, which like IP6K2 is highly expressed in cerebellar granule 334 
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cells (Peters et al., 1998).  This binding was selective, as it was not evident for IP6K1 or IP6K3. 335 

Moreover, nuclear translocation of 4.1N, which is required for its principal functions, was also 336 

dependent on IP6K2.  Apart from 4.1 N, the interactome of IP6K2 revealed two other proteins, 337 

sorting nexin 27 (SNX-27) and Ras-related protein 5 (Rab 5). SNX-27, a brain enriched PDZ 338 

domain protein, has been implicated in AMPA receptor trafficking (Loo et al., 2014), consistent 339 

with a similar role for 4.1N (Saiardi et al., 2001). SNX27 also facilitates excitatory synaptic 340 

function (Wang et al., 2013) as well as ependymal cell differentiation and ciliogenesis (Wang et 341 

al., 2016). Rab 5 controls synaptic functioning in C. elegans (Sann et al., 2012; Sasidharan et al., 342 

2012). 343 

Particularly striking was the impact of IP6K2, localized to granule cells, upon Purkinje 344 

cells in the cerebellum. Deletion of IP6K2 led to substantial defects in synaptic influences of 345 

granule cells upon Purkinje cells with a drastic decrease in the density of parallel fiber-Purkinje 346 

cell synapses. Reduced expression of proteins involved in synaptic transmission was also 347 

observed in brains of IP6K2 knock-out mice, consistent with the observed loss in synaptic 348 

functions. The notable defects of motor coordination, a major cerebellar function, in the IP6K2 349 

knockout mice presumably reflect diminution of IP6K2 and its decreased association with 4.1N. 350 

Cerebellar neuronal cell viability was also reduced in both IP6K2 and 4.1N deficient neuronal 351 

cells, indicating that both these factors are essential for optimal development of cerebellar 352 

neurons. 353 

How the three isoforms of IP6K interface is unclear. In preliminary experiments we 354 

conducted functional epistatic analysis using LC/MS-MS techniques which failed to reveal 355 

influences of IP6K1 or IP6K3 upon IP6K2-4.1N interactions. 356 
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In summary, our study reveals a linkage of IP6K2 with 4.1N, which contributes to 357 

Purkinje cell morphology, viability of cerebellar neurons and the synaptic and locomotor 358 

functions controlled by the cerebellum. 359 

 360 
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FIGURE LEGENDS 506 

 507 

Figure 1 - IP6K2 binds 4.1N in the brain 508 

(A) Silver staining of SDS-PAGE of IP6K2 immunoprecipitates (lane 2) from wild type mouse 509 

brain lysate showed the presence of 4.1N protein (130kDa) as a potential interacting partner of 510 

IP6K2 against IgG (lane1) as a control. (B) Seventeen (17) 4.1N peptides (highlighted in yellow) 511 

were identified from IP6K2 immunoprecipitates using LC/MS-MS mass spectrometry to confirm 512 

the identity of the 4.1N protein. (C) Co-immunoprecipitates of IP6K2 from wild type (WT) (lane 513 

2) and IP6K2-knockout (K2-KO) (lane 3) mouse brain lysates immunoblotted with 4.1N antibody 514 

confirmed the binding to 4.1N protein against IgG immunoprecipitate as a control (lane 1). (D) 515 

Co-immunoprecipitates of IP6K2 blotted against 4.1N in neuronal cells also revealed its 516 

association with the 4.1N protein. Lane 1- IgG immunoprecipitate, lane 2 - IP6K2 517 

immunoprecipitates from N2A cell lysates, lane 3 - IP6K2 immunoprecipitates from PC-12 cell 518 

lysates. (E) GST-DNA constructs of different fragments of IP6K2 were transfected into N2A cells. 519 

Co-immunoprecipitates of such IP6K2 constructs expressing cell lysates were blotted against 520 

4.1N antibody. This revealed the binding site of IP6K2 with 4.1N to be present between 521 

residues 202-261 of IP6K2. (F) Co-Immunoprecipitation of IP6K2 from wild-type mouse brain 522 

lysates (lane 1) and IP6K2-KO mice brain lysates (lane 2, control) showed binding of 4.1N and 523 

4.1B to IP6K2. However, 4.1G and 4.1R isoforms of the 4.1 family of proteins did not bind to 524 

IP6K2. (G) Co-immunoprecipitates of 4.1N from mouse brain lysates were blotted against all 525 

three isoforms of IP6K (K1, K2 and K3). Corresponding immunoblots against IgG 526 

immunoprecipitates as control (Lane2) showed selective binding of the 4.1N protein to IP6K2 527 
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and not to the IP6K1 or IP6K3 isoforms. (H) Full length-IP6K2 and IP6K2 kinase dead mutant 528 

(K222A) were transfected into N2A cells. Immunoblots of the lysates from both cells showed 529 

confirmatory binding of 4.1N (lane 1) when compared to their IgG controls (lane2) indicating 530 

that binding of 4.1N to IP6K2 is not dependent on the latter’s kinase activity. Data are 531 

representative of three independent experiments done under identical conditions. 532 

 533 

Figure 2 - Nuclear translocation of 4.1N requires IP6K2 facilitation 534 

(A) Western blots show endogenous expression of IP6K2 in the cytosolic and nuclear fractions 535 

of wild type mouse brain lysates. Corresponding comparisons of 4.1N expression in the wild 536 

type brain lysates and IP6K2-KO brain lysates are shown in (B). The relative levels of the protein 537 

bands in the immunoblot depicted in ‘A’ and ‘B’ estimated through normalization against their 538 

relevant inputs are shown in the histogram (C). (D and E) Immunoblots of N2A cell lysates 539 

demonstrated that both 4.1N as well as IP6K2 translocate into the nucleus of N2A cells in the 540 

presence of NGF.  However, in the absence of IP6K2, 4.1N failed to transfer into the nucleus of 541 

N2A cells. (F) Experimental evidence that IP6K2 is a prime facilitator for nuclear translocation of 542 

4.1N along with NGF in N2A cells. (G) Immunoblots establish that NLS (Nuclear Localization 543 

Signal) of IP6K2 is essential for the translocation of 4.1N into the nucleus, as 4.1N fails to 544 

translocate into the nucleus when N2A cells are transfected with IP6K2 lacking NLS. (H) Double 545 

immuno-fluorescence staining of N2A cells against IP6K2 (green) and 4.1N (red) reveals 546 

significant nuclear translocation of 4.1N  in the presence of NGF and no nuclear expression of 547 

4.1N in absence of IP6K2 (Scale bar represents 10 μm). Data are representative of three 548 
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independent experiments done under identical conditions. Data are presented as means ± SD 549 

with ***P < 0.001, **P < 0.01, *P < 0.05 analyzed by one-way ANOVA. 550 

 551 

Figure 3 -   Rab 5 and SNX-27 form a ternary complex with IP6K2-4.1N 552 

(A) Work-flow for screening proteins that bind to the IP6K2-4.1N complex. (B) 553 

Immunoprecipitates of Rab 5 proteins blotted with IP6K2 and 4.1N antibodies respectively, 554 

revealed binding of Rab 5 to both IP6K2 and 4.1N in wild type mouse brain lysates. (C)   555 

Immunoblot showed SNX-27 binds to 4.1N and not IP6K2. (D) Western blot of wild type and 556 

IP6K2-KO mice brain lysates showed reduced protein expression of Rab5 and SNX-27 in IP6K2-557 

KO mouse brain lysates. (E) Quantitation of relative expression of Rab 5 and SNX-27 depicted in 558 

‘D’ through normalization against relative expression of the relevant input. (F) Western blots 559 

depict reduced expression of some prominent ‘Immediate Early Gene’ (IEG) encoded proteins 560 

like Arc, Fos B, Nerve Growth Factor (NGF) and Synaptophysin (Syn) in the IP6K2-KO mice brain 561 

lysates. Quantitation of the depicted western blots in ‘F’ through normalization against the 562 

input is shown in the histogram (G) Data were statistically analyzed by paired Student's t test. 563 

Significant differences (*P < 0.05) were observed in comparison with wild type (WT) controls. 564 

Data are presented as means ± SD and are representative of three independent experiments 565 

done under identical conditions. 566 

 567 

Figure 4 - Lack of IP6K2 and 4.1N, highly expressed granule cells proteins, leads to diminished 568 

proliferation of cerebellar cells. 569 
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(A) Immunofluorescent staining of wild type mouse brain cerebellar sections showed 570 

localization of IP6K2 and 4.1N in granule cells of the cerebellum. (B) Western blots for Calbindin 571 

and Calretenin, respective markers for Purkinje and granule cells, showed reduced expression 572 

of both proteins in mouse brain lysates lacking IP6K2. (C) Histological comparison through 573 

hematoxylin and eosin (H&E) staining of wild type (WT) and IP6K2 knockout brain (IP6K2-KO) (8 574 

week old) sections showed substantial decreases in the molecular layer compared to the wild 575 

type (WT).  Abbreviations used in Fig 4C are GCL: Granule cell layer, PCL: Purkinje cell layer, ML: 576 

molecular layer. (D) H&E stained sections of IP6K2-KO mouse also showed substantially fewer 577 

granule cells in the cerebellar region of mutant mice as compared to WT. (E) Mice injected with 578 

Edu showed fewer proliferating cells in IP6K2-KO mice (E and F) compared to the WT. XTT assay 579 

performed with knockdown of K2 as well as K2 lacking binding site for 4.1N (202-261) in N2A 580 

cells also revealed lower cell viability as compared to control shRNA (G) (Scale bar = 50 μm). 581 

The data are presented as mean ± SD; ***P < 0.001, **P < 0.01 analyzed by one-way ANOVA. 582 

 583 

Figure 5- IP6K2 and 4.1 N expressed in the granule cells of cerebellum affect Purkinje cell 584 

morphology and parallel fiber – Purkinje cell synapses 585 

(A) Purkinje cell volume, spine number and spine density were significantly decreased in IP6K2- 586 

KO mice when compared to their WT counterparts. (Upper panel: 60X magnification, lower 587 

panel: 100X magnification). (B) Immunostaining of VGlut1/calbindin and VGlut2/calbindin in 588 

cerebellar Purkinje cells from wild-type (WT) and IP6K2-KO mice showed that the density of 589 

VGlut1 was markedly reduced in IP6K2-KO mice, indicating that knockout mouse brain sections 590 

contained fewer parallel fiber-Purkinje cell synapses compared to WT mouse brain. However, 591 
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there was no difference in the climbing fiber – Purkinje cell synapses of IP6K2-KO mouse 592 

cerebellum compared to wild type. Scale bar represent 20 μm. (C) Electron microscopic analysis 593 

of the cerebellar molecular layer from IP6K2-KO mouse brain (8 weeks old) also revealed fewer 594 

synapses compared to WT mouse brain. However, the ultrastructure of synapses in the 595 

cerebellum was relatively normal in the IP6K2-KO. (Scale bar represents 500 nm). Data were 596 

statistically analyzed by paired Student's t test. Significant differences ***P < 0.001, **P < 0.01) 597 

were observed in comparison with wild type controls. Data are presented as means ± SD and 598 

are representative of three independent experiments done under identical conditions. 599 

 600 

Figure 6 - IP6K2-KO mice show deficiencies in motor coordination and locomotor activity 601 

(A) Motor learning and coordination were compared between the IP6K2-KO and WT mice by 602 

the rotarod test. This test revealed reduced motor learning and coordination in the IP6K2- KO 603 

mice as compared to WT mice. (B) General locomotor activity in IP6K2 -KO mice was assessed 604 

by the open field analysis. Such behavioral analysis also revealed reduced peripheral as well as 605 

central activity in IP6K2-KO mice when compared to WT mice. (C) Gait analysis in IP6K2-KO mice 606 

also showed significant decreases in stride length and average speed of movement with respect 607 

to WT mice. However, there was no significant change between the paw print width of the WT 608 

and K2-KO mice. Data shown are representative of three independent experiments done under 609 

identical conditions with mean ± SD (***P < 0.001, **P < 0.01). 610 
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