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Cells express a family of three inositol hexakisphosphate kinases
(IP6Ks). Although sharing the same enzymatic activity, individual
IP6Ks mediate different cellular processes. Here we report that
IP6K3 is enriched at the leading edge of migrating cells where it
associates with dynein intermediate chain 2 (DIC2). Using immu-
nofluorescence microscopy and total internal reflection fluores-
cence microscopy, we found that DIC2 and IP6K3 are recruited
interdependently to the leading edge of migrating cells, where
they function coordinately to enhance the turnover of focal
adhesions. Deletion of IP6K3 causes defects in cell motility and
neuronal dendritic growth, eventually leading to brain malforma-
tions. Our results reveal a mechanism whereby IP6K3 functions in
coordination with DIC2 in a confined intracellular microenviron-
ment to promote focal adhesion turnover.
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Cells express a family of three inositol hexakisphosphate ki-
nases (IP6Ks), which generate 5-diphosphoinositol pentaki-

sphosphate (5-IP7) by pyrophosphorylating inositol hexakisphosphate
on the 5-position (1). In mammalian cells, 90% of total IP7 is 5-IP7 (2).
Another form of IP7 is 1-IP7, which is produced by diphosphoinositol
pentakisphosphate kinases (PPIP5Ks) acting at the 1-position of the
inositol ring (3). PPIP5K also uses 5-IP7 to make bisdiphosphoinositol
tetrakisphosphate (1,5PP-IP4 or IP8) (2). Reported functions of 5-
IP7 include regulation of insulin release (4, 5), protein pyrophos-
phorylation (6), and energy metabolism (7). Although IP6Ks share the
same kinase activity, their functions vary depending on the immediate
intracellular microenvironment. IP6K1 regulates energy consump-
tion (8), gene transcription (9), immune response (10), and male
fertility (11, 12). IP6K2 physiologically mediates cell death (13–15).
IP6K3 promotes synapse formation in cerebellar Purkinje cells (16),
regulates lifespan (17), and plays a role in the onset of Alzheimer’s
disease (18).
Cytoplasmic dynein is a microtubule-based cytoskeleton motor

that is responsible for retrograde movement of intracellular
vesicles, organelles, and large protein and RNA-containing
complexes (19). Dynein also functions at the cell membrane,
where it tethers and/or generates pulling forces (20). Dynein is a
complex composed of multiple subunits: heavy chain (DHC),
intermediate chains (DIC), light intermediate chains (DLIC),
and light chains (DLCs) (20). Dynein interacts with dynactin
through binding between DIC and p150glued, a major subunit of
dynactin (21). The interaction between DIC and p150glued is
critical for dynein function (22). During cell migration, dynein is
enriched at the leading edge (23), where it pulls the centrosome
and the nucleus (24–26). Cytoplasmic dynein interacts with mi-
crotubules and some nonmicrotubule proteins at the cell mem-
brane (23, 27) to regulate microtubule dynamics and centrosome

reorientation in living cells (28). However, functions of dynein at
the leading edge during cell migration have been elusive.
Focal adhesions are mediated by large dynamic multiprotein

complexes whereby cells interact with the environment (29).
Nascent focal adhesions (often called focal complexes) are ini-
tiated at the leading edge of cell protrusions. Focal adhesion
turnover is restricted to protrusive regions of cells, although
disassembly of focal adhesions occurs at the rear portion of cells
(30). Focal adhesion assembly and disassembly and cell motility
are mediated in part by focal adhesion kinase (FAK) activity
(31–33). Deregulation of FAK is associated with defective focal
adhesion dynamics and impairment of cell movement (34–36),
yet spatial and temporal regulation of focal adhesions during
coordinated and productive cell movement or migration remains
incompletely understood.
In this study, we investigated cellular localization and func-

tions of IP6K3. We found that IP6K3 is highly expressed at the
leading edge of migrating cells. We observed a selective in-
teraction of IP6K3 with dynein intermediate chain 2 (DIC2).
IP6K3 and DIC2 are recruited interdependently to the leading
edge of migrating cells, where they coordinately enhance the
dynamics of focal adhesion. Deletion of IP6K3 leads to a ma-
jor defect of focal adhesion dynamics. Consistently, deletion of
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IP6K3 disrupts neuronal cell motility and eventually causes
brain malformation.

Results
IP6K3 Is at the Leading Edge of Migrating Cells. To understand di-
versity of IP6 kinases, we investigated their intracellular lo-
calizations. Mice brain and mouse embryonic fibroblast cells
(MEFs) express all three IP6Ks (SI Appendix, Fig. S1A). We
performed cell fractionation and found that IP6K3 and
IP6K1 are enriched in the plasma membrane in both mice brain
and MEFs, while IP6K2 is mainly in the nucleus (SI Appendix,
Fig. S1 B and C). The cellular localizations of IP6Ks are con-
firmed by immunostaining of IP6Ks in cortical neurons (SI Ap-
pendix, Fig. S1D) and MEFs (SI Appendix, Fig. S1E). The human
neuroblastoma SH-SY5Y cells also express three IP6Ks (SI
Appendix, Fig. S2A). We performed total internal reflection
fluorescence (TIRF) microscopy, which illustrates only ∼100 nm
above the coverslip to achieve high signal-to-noise ratios (SI
Appendix, Fig. S2B). IP6K3 is seen at the leading edge of mi-
grating SH-SY5Y cells in a wound-induced migration assay (SI
Appendix, Fig. S2B). IP6K3 also occurs at membrane protrusions in
apparently migrating MEFs observed by immunofluorescence mi-
croscopy (SI Appendix, Fig. S2 C–F). To further explore the in-
tracellular localization of IP6K3, we immunostained IP6K3 together
with markers for the Golgi apparatus (SI Appendix, Fig. S2D), mi-
tochondria (SI Appendix, Fig. S2E), or lysosome (SI Appendix, Fig.
S2F). IP6K3 does not apparently localize in any of those organelles.

IP6K3 Interacts with Dynein Intermediate Chain 2. We wondered
whether the functions of IP6K3 are reflected by its associated
proteins. We immunoprecipitated IP6K3 and searched for
binding partners. Several proteins pulled down by IP6K3 from
the wild-type tissues are lost in the IP6K3 knockouts (Fig. 1A).
Presumably the missing bands in the KOs reflect proteins that
physiologically associate with IP6K3. One of the prominent
bands is identified as dynein intermediate chain 2 (DIC2) (Fig.
1A). We confirmed IP6K3/DIC2 interaction by immunoprecipi-
tation of IP6K3 or DIC2, which reveals binding of IP6K3/
DIC2 in WT preparations but not in the IP6K3 knockouts (Fig.
1B). To rule out nonspecific activity of the IP6K3 antibody, we
expressed flag-tagged IP6K3 and myc-tagged DIC2 in human
embryonic kidney (HEK) 293 cells and validated the IP6K3/
DIC2 binding by immunoprecipitation of flag tag and myc tag
(Fig. 1 C and D). IP6K3 binds robustly to DIC2 in vitro as does
the kinase-deficient IP6K3 (K217A) (SI Appendix, Fig. S3).
Thus, the catalytic activity of IP6K3 is not required for its
binding with DIC2. DIC2 binds specifically to IP6K3, because
immunoprecipitation of either IP6K1 or IP6K2 does not pull
down DIC2 (Fig. 1 E and F). Consistently, immunoprecipitation
of DIC2 pulls down IP6K3 but not IP6K1 or IP6K2 (Fig. 1G).
We aligned IP6Ks’ protein sequences using the web services
provided by the European Molecular Biology Laboratory-
European Bioinformatics Institute (EMBL-EBI) (37). The
amino acid sequences of substrate binding regions of IP6Ks are
identical. The amino acid sequence of IP6K3 kinase domain
displays ∼70% identity to that of IP6K1 and IP6K2; however,
the variable regions of IP6Ks are less than 20% identical (SI
Appendix, Fig. S2). Thus, the distinct intracellular localizations
and functions of IP6Ks may be determined by their variable
regions. DIC2 binds to the 67- to 138-amino acid fragment of
IP6K3, which is unique to IP6K3 (Fig. 1 H–J).

Recruitment of DIC2 to the Leading Edge Requires IP6K3.Deletion of
IP6K3 does not affect the expression levels of dynein heavy chain
(DHC), intermediate chain 1 (DIC1), intermediate chain 2
(DIC2), light intermediate chain 1 (DLIC1), light chain (DLC),
and the dynactin subunit p150glued (Fig. 2A). The binding be-
tween IP6K3 and DIC2 is specific, because immunoprecipitation

of IP6K3 does not pull down DHC, DIC1, DLIC1, DLC, or
p150glued (Fig. 2B). Bhandari and coworkers have reported that
depletion of 5-IP7 weakens the interaction of DICs/p150glued
(38). We thus wondered whether knockout of IP6K3 affects the
interaction between DIC2 and p150glued. Indeed, immunopre-
cipitation of DIC2 pulls down substantially less p150glued from
the IP6K3 KOs (Fig. 2C). In contrast, equal amounts of p150glued
are pulled down by DIC1 from IP6K3 WTs and KOs (Fig. 2D).
Consistently, immunoprecipitation of p150glued in the IP6K3
KO brain tissues pulls down significantly less DIC2 but equal
amounts of DIC1 (Fig. 2E). Thus, IP6K3 is required for DIC2/
p150glued interaction.
The interaction of DIC with p150glued mediates the re-

cruitment of dynein to the cell membrane (39, 40). We thus in-
vestigated whether deletion of IP6K3 influences DIC2 at the cell
membrane. Indeed, DIC2 levels in the plasma membrane frac-
tion are notably reduced in IP6K3 KO MEFs (Fig. 2F). Immu-
nostaining of DIC2 on IP6K3 KO MEFs shows diminished
DIC2 at the cell membranes (Fig. 2G). In a wound-induced
migration assay, recruitment of DIC2 to the leading edge is
substantially decreased in IP6K3 knockout MEFs (Fig. 2H). We
isolated mouse astrocytes (SI Appendix, Fig. S4). Deletion of
IP6K3 in astrocytes reduces IP7 by 25% (SI Appendix, Fig. S4).
We performed TIRF microscopy on a wound-induced migration
assay of astrocytes (Fig. 2I). Deletion of IP6K3 abolishes the
recruitment of DIC2 to the leading edge (Fig. 2I). Immunos-
taining of pericentrin for centrosomes in a wound-induced mi-
gration assay reveals disruption of centrosome orientation in
IP6K3 KO MEFs (centrosomes are orientated in 75% WT cells
vs. 40% in IP6K3 KO cells), consistent with the deficit of DIC2 at
the leading edge (41) (Fig. 2J). Centrosome orientation is de-
fined as the centrosome occurring between the nucleus and the
wound edge (±45° deviation from the direction perpendicular to
the wound) (41).

IP6K3 Promotes Focal Adhesion Dynamics in the Leading Edge. To
further explore the influence of IP6K3 upon DIC2, we blotted
for phosphoserine/threonine and phosphotyrosine in the
DIC2 immunoprecipitations from IP6K3 WT and KO brain tis-
sues (Fig. 3A). A phosphotyrosine band with molecular weight
around 120 kDa occurs in the WT but not the IP6K3 KO
preparations (Fig. 3A). This result is reminiscent of FAK, whose
phosphorylation is enhanced by 5-IP7 (42, 43). We thus in-
vestigated FAK phosphorylation in IP6K3 KO brain tissues.
Levels of phosphorylated FAK are moderately decreased in the
IP6K3 KO tissues, as is phosphorylated paxillin (Fig. 3B). Im-
munoprecipitation of DIC2 pulls down much less phosphory-
lated FAK in the IP6K3 KOs (Fig. 3C), although there is no
difference in total FAK. IP6K3 does not associate with FAK or
paxillin directly (SI Appendix, Fig. S5). We immunostained
phosphorylated FAK (Y397) in IP6K3 WT and KO astrocytes.
Density of phosphorylated FAK at the cell peripheral is mark-
edly decreased in IP6K3-deleted cells (Fig. 3 D andG). Similarly,
the density of phosphorylated paxillin, which is the target of
FAK, is also decreased in the IP6K3 KO astrocytes (Fig. 3 E and
H). The sizes of focal adhesions at the cell cortex of the IP6K3
KO astrocytes are relatively larger, revealed by vinculin staining,
indicating fewer turnovers of focal adhesions (Fig. 3 F–H). We
also immunostained phosphorylated FAK (Y397) and phos-
phorylated paxillin and vinculin in a wound-induced migration
assay. Deletion of IP6K3 greatly decreases phosphorylation of
FAK (Fig. 3I) and paxillin (Fig. 3J) at the leading edge of mi-
grating cells. Vinculin stains tiny spots at the leading edge of
IP6K3 KO astrocytes, which is consistent with the concept that
the recruitment of vinculin to focal adhesions requires FAK-
mediated paxillin phosphorylation (44). Thus, deletion of
IP6K3 elicits deficits of focal adhesion maturation (Fig. 3K).
Defective actin filament assembly at the leading edge is also
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evident in IP6K3-deleted astrocytes (Fig. 3 I–K). Thus, IP6K3 is
required for focal adhesion dynamics in the leading edge.

DIC2 Takes IP6K3 to the Leading Edge to Promote Focal Adhesion
Turnover. To test whether DIC2 is responsible for the re-
cruitment of IP6K3 to the leading edge, we depleted DIC2 in
human neuroblastoma SH-SY5Y cells by shRNA transduction
(Fig. 4A) and observed the intracellular localization of IP6K3
by immunofluorescence microscopy (Fig. 4B). Knocking down
DIC2 substantially decreases the amount of IP6K3 at the cell
leading edge (Fig. 4B). TIRF microscopy reveals polarized in-
tracellular localizations of IP6K3 with a substantial amount at the
cell membrane (Fig. 4C). In striking contrast, in the DIC2-
deleted cells, IP6K3 is mainly in the cytosol and accumulated
around the nucleus without polarized distribution (Fig. 4 B
and C). In the wound-induced migration assay, deletion of
DIC2 significantly reduces recruitment of IP6K3 to the
leading edge, demonstrated by TIRF microscopy (Fig. 4D).

Thus, DIC2 is required for the recruitment of IP6K3 to cell
membranes.
We asked whether disrupted IP6K3’s plasma membrane lo-

calization affects FAK phosphorylation in DIC2-deleted cells.
Knocking down DIC2 substantially diminishes the density of
phospho-FAK in cell membranes (Fig. 4 E and G). Similarly,
depletion of DIC2 results in a dramatic diminution of phos-
phopaxillin at the cell protrusion region (Fig. 4 F and H). Thus,
DIC2 drives IP6K3 to the migrating leading edge to promote the
turnover of focal adhesions.

Deletion of IP6K3 Causes Defects in Neuronal Cell Migration and Brain
Malformation. To characterize IP6K3/DIC2/FAK activities in a
more physiological setting, we isolated mouse primary cortical
neurons and investigated the influence of IP6K3 upon dendritic
growth. Deletion of IP6K3 leads to a markedly reduced length of
neuronal processes (Fig. 5A). This phenotype is rescued by WT
IP6K3 but not the kinase-deficient mutant (Fig. 5B). Consistently,
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Fig. 1. IP6K3 physiologically associates with DIC2. (A) Immunoprecipitation of IP6K3 from WT and IP6K3 KO mice brain tissues, silver staining, and mass
spectrometry-identified DIC2 is pulled down by antibodies against IP6K3. (B) Immunoprecipitation of IP6K3 or DIC2 from WT and IP6K3 KO brains; Western
blot shows IP6K3 binds with DIC2. (C) Flag-GFP or flag-IP6K3 was overexpressed together with myc-DIC2 in HEK 293 cells; immunoprecipitation of flag (IP6K3)
pulls down myc (DIC2). Flag-GFP is a negative control. (D) Myc-GFP or myc-DIC2 was overexpressed together with flag-IP6K3 in HEK 293 cells; immunopre-
cipitation of myc (DIC2) pulls down flag (IP6K3). Myc-GFP is a negative control. (E) Immunoprecipitation of IP6K1, IP6K2, and IP6K3 from WT mice brain
tissues. Silver staining shows DIC2 is specifically pulled down by IP6K3. (F) Immunoprecipitation of IP6K1 and IP6K2 from WT mice brain tissues. Western blot
shows DIC2 is not coprecipitated by IP6K1 or IP6K2. (G) Immunoprecipitation of DIC2 or control IgG from WT mice brains. Western blot reveals DIC2 pulls
down IP6K3 but not IP6K1 or IP6K2. (H) Schematic representation of flag-tagged IP6K3 fragments used in the binding studies in I and J. (I) Immunopre-
cipitation of flag (IP6K3 fragments); Western blot shows DIC2 is pulled down by the 67- to 138-amino acid fragment of IP6K3. (J) Immunoprecipitation of DIC2;
Western blot shows DIC2 specifically interacts with the 67- to 138-amino acid fragment of IP6K3.
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the IP6K3 KO Purkinje cells display dendritic growth retardation
(Fig. 5C). We evaluated the IP6K3/DIC2/FAK activities in several
models of cell migration. In a scratch assay in MEFs, deletion of
IP6K3 causes a 40% decrease in movement (SI Appendix, Fig. S6A).
The Boyden chamber assay shows a 50% decline of migration in the
IP6K3 KO preparations (SI Appendix, Fig. S6B). We rescued the
protein expression in IP6K3 knockout MEFs by overexpressing WT
IP6K3 or catalytically inactive IP6K3-kinase dead (KD) (SI Ap-
pendix, Fig. S6C). In both the scratch assay (SI Appendix, Fig. S6D)
and the Boyden chamber assay (SI Appendix, Fig. S6E), the defect
of IP6K3 knockouts in motility is reversed by WT IP6K3 but not by
the catalytically dead mutant.
To test whether IP6K3 deletion impairs neuronal cell migra-

tion, we monitored neuronal disposition at embryonic day 15.5
(E15.5) following the administration of 5-ethynyl-2′-deoxyur-
idine (EdU) (Fig. 5 D and E). Retardation of neuronal migration

is evident in IP6K3mutants at 24 h after EdU administration and
persists at 48 h.
We evaluated the neuronal movement of different cortical

layers by staining endogenous Satb2 and Ctip2 for layers 2–4 and
5, respectively (Fig. 5F and SI Appendix, Fig. S7A). At E15.5 a
large number of Satb2-positive cells have migrated to the su-
perficial layers in the WTs; however, sparse Satb2 positive cells
are evident in the superficial layer in the IP6K3 KOs (Fig. 5F).
Consistently, at E17.5 Satb2- and Ctip2-positive neurons appear
to have attained their adult sites in the WTs, whereas in the
IP6K3 knockouts, migration of Satb2 and Ctip2 continues (SI
Appendix, Fig. S7A).
We stained calbindin for Purkinje cells in the cerebellum and

monitored their movement during development. At E19.5, the
WT Purkinje cells have completed migration to the cerebellar
cortex, whereas, the IP6K3 KO Purkinje cells are still migrating

A
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B C

G H
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Fig. 2. Recruitment of DIC2 to the leading edge requires IP6K3. (A) Western blot shows that the expression levels of DHC, DIC1, DIC2, DLIC1, DLC, and
p150glued do not change in the IP6K3 KO brains. (B) Immunoprecipitation of IP6K3 from WT and IP6K3 KO brains; Western blot reveals IP6K3 binds only with
DIC2 but not the other subunits of the dynein complex. (C) Immunoprecipitation of DIC2 from WT and IP6K3 KO brains; substantially less p150glued is pulled
down by DIC2 from the IP6K3 KOs. (D) Immunoprecipitation of DIC1 from WT and IP6K3 KO brains; equal amounts of p150glued are pulled down by DIC1. (E)
Immunoprecipitation of p150glued from WT and IP6K3 KO brains. Much less DIC2 is pulled down by p150glued in the IP6K3 KOs, whereas no difference is
evident for DIC1. (F) Subcellular fractionation of MEFs; deletion of IP6K3 dramatically decreases DIC2 in the cell membrane fraction. (G) Immunostaining of
DIC2 in WT and IP6K3 KO MEFs; IP6K3 deletion disrupts DIC2 membrane localization (arrows point to DIC2 on the cell membrane in WTs) (Scale bar: 20 μm.)
(H) Immunostaining of DIC2 in MEFs in a wound-induced migration assay; the leading edge recruitment of DIC2 is disrupted in IP6K3 KOMEFs (arrows point to
DIC2 at the leading edge). (Scale bar: 20 μm.) (I) Immunostaining of DIC2 in astrocytes in a wound-induced migration assay; recruitment of DIC2 to the leading
edge is disrupted in IP6K3 KO astrocytes, as revealed by TIRF microscopy (arrows point to DIC2 at the leading edge). (Scale bar: 5 μm.) (J) Immunostaining of
pericentrin for centrosome (arrows) in MEFs in a wound-induced migration assay. Centrosome orientation is defined as positioning of the centrosome be-
tween the nucleus and the wound edge (±45° deviation from the direction perpendicular to the wound). Dotted line shows migrating leading edge observed
in bright field. **P < 0.01. (Scale bar: 20 μm.)
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(Fig. 5G). At postnatal day 1 (P1), all of the WT Purkinje cells
have reached the Purkinje cell layer, however, a number of
IP6K3 mutant cells are in the granule cell layer, indicating that
they have not migrated to their mature position (Fig. 5H). At P7,
the majority of IP6K3 KO Purkinje cells have reached the Pur-
kinje cell layer, but some are observed in the granule cell layer
(Fig. 5I). This phenotype continues at P28 (Fig. 5J). Deletion of
IP6K3 elicits cerebellar malformation, which presumably is the
result of migration deficits (Fig. 5 K and L and SI Appendix, Fig.
S7 B and C). The malformation is first observed at P7, when a
number of Purkinje cells are trapped in the granule cell layer
(Fig. 5K and SI Appendix, Fig. S7B), and lasts through adult life
(Fig. 5L and SI Appendix, Fig. S7C).

Discussion
In this study, we investigated the intracellular localization and
corresponding functions of IP6K3. IP6K3 displays a polarized
intracellular distribution and is highly enriched in the lead-
ing edge of migrating cells, although not specifically to focal
adhesion sites. IP6K3 physiologically associates with DIC2.
IP6K3 and DIC2 are recruited together to the leading cell
membranes. IP6K3 enhances the recruitment of DIC2 to the
leading edge by promoting DIC2/p150glued interactions. Con-
sequently, DIC2 takes IP6K3 to the cell membrane. At the cell
membrane, IP6K3 promotes the phosphorylation of FAK and
turnover of focal adhesions. Deletion of IP6K3 elicits defects of
cell motility and brain malformation. Thus, our study reveals a
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Fig. 3. IP6K3 promotes focal adhesion dynamics in the leading edge. (A) Immunoprecipitation of DIC2 from IP6K3WT and KO brains then blotted to examine
phosphoserine/threonine and phosphotyrosine; a phosphotyrosine band at molecular weight around 120 kDa (arrow) is missing in the IP6K3 KO preparations.
(B) Western blot shows moderate decrease of phospho-FAK and phosphopaxillin in the whole cell lysates of IP6K3 KO brains. *P < 0.05. (C) Immunopre-
cipitation of DIC2 and FAK from IP6K3WT and KO brains; Western blot reveals DIC2 pulls down much less phosphorylated FAK in IP6K3 KOs, although there is
no difference in total FAK. (D) Immunostaining of phospho-FAK (Y397) in astrocytes; deletion of IP6K3 elicits a substantially reduced density of phospho-FAK
at the cell periphery. (Scale bar: 20 μm.) (E) Immunostaining of phosphopaxillin in astrocytes; deletion of IP6K3 elicits a markedly diminished density of
phosphopaxillin at the cell periphery. (Scale bar: 20 μm.) (F) Immunostaining of vinculin reveals a larger size of focal adhesions at the cell periphery of the
IP6K3 KO astrocytes. (Scale bar: 20 μm.) (G) Immunostaining of vinculin and phospho-FAK (Y397) in astrocytes. At the cell periphery of IP6K3 KO astrocytes, the
focal adhesion sizes are larger and the density of phospho-FAK is substantially decreased. (Scale bar: 5 μm.) (H) Immunostaining of vinculin and phospho-
paxillin in astrocytes. At the cell periphery of IP6K3 KO astrocytes, the focal adhesion sizes are larger and the density of phosphopaxillin is substantially
decreased. (Scale bar: 5 μm.) (I–K) Wound induced astrocytes migration assay. (I) Immunostaining of phospho-FAK (Y397) and F-actin; the phospho-FAK is
substantially decreased at the leading edge of IP6K3 KO astrocytes. (Scale bar: 5 μm.) (J) Immunostaining of phosphopaxillin and F-actin; the phosphopaxillin
is substantially decreased at the leading edge of IP6K3 KO astrocytes. (Scale bar: 5 μm.) (K) Immunostaining of vinculin and F-actin; in the WTs, obvious focal
adhesions (vinculin staining) that are linked with actin filaments are at the leading edge, whereas in the IP6K3 KO astrocytes, the vinculin staining is less
prominent and the spots are tiny at the leading edge. This may indicate delayed or less robust focal adhesion maturation. (Scale bar: 5 μm.) (I–K) Deletion of
IP6K3 decreases actin assembly at the leading edge.
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mechanism by which IP6K3 and DIC2 coordinately regulate the
dynamics of focal adhesion (Fig. 6).
Inositol pyrophosphates have been associated with FAK ac-

tivity. IP6K1 generates 5-IP7 to promote FAK phosphorylation
(42, 43). IP6K2, via its product 5-IP7, sequesters the tumor
suppressor enzyme liver kinase B1 in the nucleus, thus blocking
its repressive effects on FAK activity (45). In this study, we found
IP6K3 is taken by DIC2 to the leading cell membranes, where it
promotes FAK phosphorylation. In MEF cells, IP6K1 is re-
sponsible for up to 60% IP7 production (46). Thus, deletion of
IP6K1 leads to a major defect of FAK phosphorylation (42, 43).
Whereas IP6K3 generates less than 25% of cellular IP7 in as-
trocytes (this study), its enhancement of FAK phosphorylation in
cell membranes supports the possibility that IP6K3 performs
subtle functions in a specific intracellular microenviroment.

Inositol pyrophosphates that are generated by IP6K1 promote
dynein-mediated transportation (38). Dynein is responsible for
transportation of the Golgi apparatus (47) and lysosome (48).
However, IP6K3 does not apparently associate with those or-
ganelles, indicating IP6K3 may not influence dynein trans-
portation, which is different from IP6K1 (38).
During cell migration, dynein is enriched in the leading cell

membranes (23, 27), where it pulls the centrosome forward (49).
Recruitment of dynein to the cell membrane is mediated by
p150glued-dependent and -independent mechanisms (50). The
5-IP7 enhances the binding between DIC and p150glued (38).
Deletion of IP6K3 depletes 5-IP7 in areas where IP6K3 is nor-
mally localized, thereby weakening the interaction of DIC2/
p150glued, and consequently disrupting the recruitment of
DIC2 to the cell membrane (40). However, the exact mechanisms
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Fig. 4. DIC2 drives IP6K3 to the leading edge. (A) Knocking down DIC2 in human neuroblastoma SH-SY5Y cells by shRNA transduction. (B–D) Immunostaining
of IP6K3 in SH-SY5Y cells. (B) DIC2 knockdown disrupts the plasma membrane localization of IP6K3. (Scale bar: 10 μm.) (C) TIRF microscopy reveals polarized
intracellular distribution of IP6K3, which is enriched at the cell’s leading edge in control cells. Deletion of DIC2 disrupts IP6K3 distribution. (Scale bar: 10 μm.)
(D) TIRF microscopy demonstrates deletion of DIC2 abolishes the recruitment of IP6K3 to the leading edge in a wound-induced migration assay. (Arrows point
to the leading edge.) (Scale bar: 5 μm.) (E) Immunofluorescence microscopy shows decreased density of phospho-FAK (Y397) at cell periphery in DIC2 knocked-
down SH-SY5Y cells. (Scale bar: 10 μm.) (F) Immunofluorescence microscopy demonstrates decreased density of phosphopaxillin at the cell periphery in DIC2-
deleted SH-SY5Y cells. (Scale bar: 10 μm.) (G) High magnification shows at the cell periphery the density of phospho-FAK (Y397) is dramatically decreased in
DIC2 knocked-down SH-SY5Y cells. (Scale bar: 5 μm.) (H) High magnification shows at the cell periphery the density of phosphopaxillin is substantially de-
creased in DIC2 knocked-down SH-SY5Y cells. (Scale bar: 5 μm.)
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that recruit IP6K3 and DIC2 to the cell membrane have
been elusive.
At the cell membrane, dynein is in adherens junctions (51) and

focal adhesions (52). DIC2 binds with FAK, an interaction in-
creases during cell migration (52). DIC2 is required for the
turnover of focal adhesions at cell membranes (52); however,
regulatory mechanisms have been elusive. We found that
DIC2 takes IP6K3 to the cell membrane to promote FAK ac-
tivity and the turnover of focal adhesions. FAK also occurs in
centrosome where phosphorylation of FAK at serine 732 renders its
interaction with DIC (53). The 5-IP7, the major product of IP6Ks,
enhances FAK activity via increasing its phosphorylation at tyrosine
397 (42, 43). Consistently, deletion of IP6K3 decreases FAK
phosphorylation at tyrosine 397. However, IP6K3 deletion does not

alter the interaction between FAK and DIC2, indicating
IP6K3 does not affect FAK phosphorylation at serine 732,
which is mainly regulated by CDK5 (54).
Mutations in dynein or its regulators are linked to neuro-

developmental and neurodegenerative diseases (50). Deletion of
IP6K3 also elicits brain malformation, albeit less severe than that
of dynein mutants (55). Dendritic growth depends on normal
FAK (56) and dynein functions (27). Deletion of IP6K3 disrupts
DIC2 membrane localization and FAK activity thus delays the
growth of neuronal processes. Disrupting the interaction be-
tween dynein and dynactin by inducing dynactin disassembly
causes late-onset progressive motor neuron degenerative disease
(57). IP6K3 contributes to late onset Alzheimer’s disease (18).
IP6K3 directly associates with DIC2. Inositol pyrophosphates
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Fig. 5. IP6K3 deletion causes neuronal cell migration defects and brain malformation. (A) IP6K3 deletion impairs dendritic growth of cortical neurons.
Neurons were labeled with GFP lentivirus and cultured in vitro for 5 d before images were taken. (Scale bar: 20 μm.) (B) IP6K3 KO neurons were rescued by
lentiviral transduction of WT or kinase deficient (KD) IP6K3. Dendritic growth is rescued by WT IP6K3. (Scale bar: 20 μm.) (C) IP6K3 deletion elicits dendritic
growth retardation in Purkinje cells. Image represents P7. Calbindin is immunostained for Purkinje cells. (Scale bar: 20 μm.) n = 4. (D and E) EdU was injected
into pregnant heterozygous mice at E15.5; brain slices of the littermate fetuses were processed 24 and 48 h later. Substantially fewer EdU-positive cells
migrate to the superficial layers of the IP6K3 KOs at 24 h (D) and 48 h (E). (Scale bar: 50 μm.) n = 4. (F) Littermates of WT and IP6K3 KO fetus brains (E15.5)
were cut sagittally and stained with Satb2 for layers 2–4 and Ctip2 for layer 5. A number of WT Satb2-positive neurons have migrated to the top layers,
whereas sparse IP6K3 KO Satb2 neurons are in the top layers (circled area). (Scale bar: 20 μm.) n = 3. (G–J) Immunostaining calbindin for Purkinje cells in WT
and IP6K3 KO cerebellum. (G) At E19.5, Purkinje cells have reached and lined up in the cerebellar cortex in the WTs. In IP6K3 KOs, Purkinje cells migrate only to
1/2 of the cerebellar cortex (arrows point to areas missing Purkinje cells in the KOs). (Scale bar: 100 μm.) n = 3. (H) At P1, all of the WT Purkinje cells have
reached the Purkinje cell layer, whereas a number of the IP6K3 KO cells remain in the migratory process (circle). (Scale bar: 50 μm.) n = 3. (I) At P7, some IP6K3
KO Purkinje cells are still migrating to the Purkinje layer (arrow). (Scale bar: 50 μm.) n = 3. (J) At P28, some IP6K3 KO Purkinje cells have not reached the
Purkinje layer (arrow). A total of 20 separate fields were examined in each animal. (Scale bar: 50 μm.) n = 3. (K and L) Purkinje cells were immunostained by
anticalbindin antibody. Nucleus was stained with DAPI. (K) At P7, a group of Purkinje cells is trapped in the granule layers (arrow) in the IP6K3 KOs. (Scale bar:
100 μm.) n = 3. (L) Obvious brain malformation with a group of Purkinje cells in the granule layers (arrow) is evident in 6-mo-old IP6K3 KOs. (Scale bar:
200 μm.) n = 3.
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generated by IP6K3 enhances the interaction between DIC2 and
p150glued, a major subunit of dynactin. Mutations in the pro-
moter region of IP6K3 that increase its transcription activity are
associated with a lower risk of late-onset Alzheimer’s disease
(18). Thus, the protective effects of elevated IP6K3 protein and
5-IP7 levels may involve regulation of dynein and FAK activities.
Inositol pyrophosphates generated by IP6K1 also enhances the
binding of DIC/p150glued, although no direct interaction has
been found between IP6K1 and DIC (38). We previously found
that deletion of IP6K1 induces brain malformation (42). The
deficits of DIC/p150glued interaction in IP6K1 mutants may also
contribute to the developmental defects. Earlier, we found that
IP6K3 affects the morphology and synapse formation of cere-
bellar Purkinje cells (16). The IP6K3 deletion-induced brain
malformation may also contribute to the deficits in motor
learning and coordination (16). In our previous study, we did not
anticipate alterations in brain structure. Accordingly, we focused
on the midline of brain, which is the most common area to be
investigated (16). The aberrant aggregations of Purkinje cells,
however, occur in the lateral cerebellar hemispheres but not the
midline vermis, and so were not detected.
Though IP6K3 produces only a small pool of 5-IP7, it per-

forms critical cellular functions. Thus, 5-IP7 is not equally
distributed in a cell. Individual pools of IP6K-generated 5-
IP7 function in localized areas where the protein is concen-

trated. Discretely localized generation of 5-IP7 to maintain
normal cell function may be the reason for a cell to express
three IP6Ks. Differences in localization, expression, and ki-
nase activity of the three isoforms may contribute to selective
regulation of 5-IP7 generation.

Materials and Methods
Antibody and Reagents. Chemicals were from MilliporeSigma. Antibodies
against IP6K1, IP6K2, IP6K3, myc tag (clone 9E10), flag tag (clone M2), GST,
and vinculin were purchased from MilliporeSigma. Antibodies against DIC2,
DLIC1, and p150glued were purchased from Bethyl Laboratories. Antibodies
against cadherin, α-tubulin, phosphoserine/threonine, GFAP, β-actin, FAK,
paxillin, phospho-FAK (Y397), phospho-FAK (Y576/577), phospho-FAK
(Y925), and phosphopaxillin were purchased from Cell Signaling Tech-
nology. Antibodies against pericentrin, Satb2, and Ctip2 were from
Abcam. Antibodies against calbindin, DHC, DIC1, DLC1/2, phosphotyr-
osine, HSP60, ACBD3, and normal rabit IgG were from Santa Cruz Bio-
technology. Rhodamine phalloidin, Alexa Fluor 488 goat anti-rabbit,
Alexa Fluor 568 goat anti-mouse IgG, and EdU were from Thermo
Fisher Scientific. Anti LAMP1 antibody was from PhosphoSolutions.

Cell Culture. HEK 293 cells, HEK 293T cells, human neuroblastoma SH-SY5Y
cells, IP6K3 WT and KO MEF cells and astrocytes were cultured in DMEM
supplemented with 10% (vol/vol) FBS, 100 units/mL penicillin and 100 μg/mL
streptomycin. IP6K3 WT and KO primary cortical neuronal cells were
cultured in neurobasal-A medium (no glucose, no sodium pyruvate) sup-
plemented with 12.5 mM glucose, 2 mM L-glutamine, and 2% (vol/vol)

Fig. 6. Schematic image represents the mechanism by which IP6K3 and DIC2 promote focal adhesion dynamics coordinately. Dynein complex moves along
the microtubule from cell edge to the center (centripetally) before it is recruited back to the cell edge. IP6K3 interacts with DIC2 and they are recruited
together to the leading edge, where IP6K3 enhances the turnover of focal adhesions.
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B-27 supplement (minus antioxidants). Cell culture plates were coated
with poly-L-ornithine for astrocytes and cortical neuronal cells. DIC2
knockdown SH-SY5Y cells were generated by lentiviral transduction.
Virus-infected cells were selected using puromycin (5 μg/mL). All cells were
maintained at 37 °C with 5% CO2.

Animals. The IP6K3 WT and KO animals were littermates from heterozygous
breeding. Animal breeding and procedures were conducted in strict accor-
dance with the NIH Guide for Care and Use of Laboratory Animals (58).
Animal experiments were approved by the Johns Hopkins University Animal
Care and Use Committee.

Western Blot and Immunoprecipitation. The lysis buffer contained 50 mmol/L
Tris·HCl (pH 7.4), 100 mmol/L NaCl, 0.5% Igepal CA630, 5 mmol/L MgCl2,
protease inhibitors, and phosphatase inhibitors. Cells were lysed on ice, and
the lysates were passed 20 times through a 30-gauge needle with syringe.
The cell lysates were then centrifuged at 13,000 × g for 10 min at 4 °C. The
supernatants were collected. Protein concentrations were determined by
using Pierce BCA protein assay kit (Thermo Fisher Scientific) and equalized.
Equal amounts of whole cell lysates were precleared with protein A/G
agarose (Santa Cruz Biotechnology) for 1 h at 4 °C. Then the supernatants
were added with antibody and incubated overnight at 4 °C followed by
protein A/G agarose precipitation.

Immunofluorescence Staining. Animals were perfused and fixed with 4%
paraformaldehyde (wt/vol). The brain slices were cut at 30-μm thickness.
Cultured cells were washed with PBS and fixed with 4% paraformaldehyde
(wt/vol). Slides were blocked with 10% goat serum (vol/vol) for 10 min at
room temperature, followed by incubation with primary antibody at 4 °C
overnight, and then, fluorescence-labeled secondary antibody for 1 h at
room temperature. Cell nuclei were stained with DAPI. Slides were mounted
with ProLong Gold antifade mountant. Pictures were taken with a confocal
microscope (Zeiss LSM 700, National Institutes of Health Award No. S10
OD016374) or Nikon Eclipse Ti-ETIRF microscope.

RNA Isolation and PCR. Total RNA was isolated from brain tissues and cells
using the RNeasy mini kit (Qiagen) and reverse transcribed to cDNA using
SuperScript III (Invitrogen). PCR was run by using Titanium Taq DNA poly-
merase (Clontech). Primers are mouse IP6K1 forward: ATGTGTGTTTGT-
CAAACCATGGAAGT, reverse: CTACTGGTTCTCATCCCGCATCTGCT; mouse
IP6K2 forward: ATGAGCCCAGCCTTCAGGACCATGGA, reverse: TCACTCCC-
CACTCTCCTCACTTATCTCT; mouse IP6K3 forward: ATGGTGGTGCGGCA-
CAGCTCGGACAA, reverse: TCATTCTCCTTCCTGGATATCCCGCAGAAT; human
IP6K1 forward: ATGTGTGTTTGTCAAACCATGGAAGT, reverse: CTACTGGTT-
CTCGTCCCGCATCTGTT; human IP6K2 forward: ATGAGCCCAGCCTTCAGGGC-
CATGGAT, reverse: TCACTCCCCACTCTCCTCACTTATCTCT; and human IP6K3 forward:
ATGGTTGTGCAAAACAGCGCAGACGCCGGGGACAT, reverse: TCATTCTCCC-
TCTTGGATATCCTGCAGGAT.

Wound-Induced Migration Assay. For the wound-induced migration assay, a
scratch wound was drawn on a confluent monolayer of cells. Cells were fixed
8 h later by 4% (wt/vol) paraformaldehyde and immunofluorescence staining
was performed.

Subcellular Fractionation. The cytosol and nuclear fractions were isolated
using the NE-PER nuclear and cytoplasmic extraction reagents (Thermo
Fisher Scientific).

EdU Labeling of Neuronal Migration. Heterozygous breeding pregnant mice at
E15.5 were injected i.p. with 100mg/kg EdU in normal saline and fetuses were
harvested at 24 or 48 h after injection. The fetuses were fixedwith 4% (wt/vol)
paraformaldehyde and cut as sagittal sections. The slices were stained with
Alexa Fluor 488 PicolylAzide to label EdU-incorporated cells (Thermo
Fisher Scientific).

In Vitro Protein Expression and Purification. The myc-tag GFP, myc-tag WT
IP6K3, andmyc-tag kinase-dead mutant IP6K3 were cloned into the pGEX-6P-
2 vector (GE Healthcare Life Sciences). PreScission Protease was used to
remove the GST from myc-tag GFP, myc-tag WT, and mutant IP6K3. GFP and
DIC2 were also cloned into the pGEX-6P-2 vector (GE Healthcare Life Sciences)
to produce GST-fused GFP and GST-fused DIC2.

Plasmid and Lentiviral Expression. The DIC2 shRNA and scrambled control
plasmids were from MilliporeSigma. The myc-tagged GFP and myc-tagged
human DIC2 were cloned to pCDH-EF1-MCS-T2A-copGFP vector (System
Biosciences). The flag-tagged GFP and flag-tagged human WT IP6K3
constructs were cloned to pLVX-AcGFP1-N1 vector (Clontech). The flag-
tagged IP6K3 fragments were cloned to pLVX-AcGFP1-N1 vector (Clon-
tech). The myc-tagged murine WT and kinase-deficient (KD) IP6K3 were
cloned to pCDH-EF1-MCS-T2A-copGFP vectors (System Biosciences).
Lentivirus was generated by transfection of lentiviral vector together
with pMD2.G and psPAX2 in HEK 293T cells (59).

Intracellular Inositol Phosphate Calculation. WT and IP6K3 KO astrocytes were
cultured in DMEM supplemented with 10% FBS, sodium pyruvate (Thermo
Fisher Scientific) and GlutaMAX supplement (Thermo Fisher Scientific). The
cell culture plates were coated with collagen. Cells were plated at 70%
confluence and 100 μCi [3H] myo-inositol was added to the medium and
cultured for 3 d. The inositol phosphates were separated by HPLC (58).

Statistical Analysis. Quantitative data are expressed as means ± SEM. Data
were analyzed by one-way ANOVA, unpaired Student’s t test. P < 0.05 was
considered statistically significant. For nonquantitative data, results were
representative of at least three independent experiments.
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SI Appendix 
 

 
 
Fig. S1. IP6K3 is enriched in cell membrane. (A) PCR reactions show IP6K1 (K1), IP6K2 (K2) 

and IP6K3 (K3) are expressed in mice brain and MEF (mouse embryonic fibroblast) cells. (B) 

Subcellular fractionation of mice brains. Western blot shows IP6K3 and IP6K1 are enriched in the 

cell membrane fraction, while IP6K2 is mainly in the nuclear fraction. WCL, whole cell lysates; 

Nu, nuclear fraction; Mem, cell membrane fraction; Cyto, cytosol fraction. (C) Subcellular 

fractionation of MEFs. Western blot shows IP6K3 and IP6K1 are enriched in the cell membrane 

fraction, while IP6K2 is mainly in the nuclear fraction. (D) Immunostaining of IP6K1, IP6K2 and 

IP6K3 in cortical neurons. β3-Tubulin is stained for neuronal structure. Nuclei are stained by DAPI. 
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Scale bar 10µm. (E) Immunostaining of IP6K1, IP6K2 and IP6K3 in MEFs. F-actin is labeled by 

phalloidin. Nucleus is stained by DAPI. Scale bar 20µm. 

 

 
Fig. S2 (A) PCR reactions demonstrate IP6K1 (K1), IP6K2 (K2) and IP6K3 (K3) expressed in 

human neuroblastoma SH-SY5Y cells. (B) Immunostaining of IP6K3 and α-tubulin in SH-SY5Y 

cells in a wound induced migration assay. TIRF microscopy reveals IP6K3 is at the leading edge 

of migrating cells. Scale bar 5µm. (C) Immunostaining of IP6K3, while F-actin is labeled by 

phalloidin in MEFs. IP6K3 is at the protrusion edge of MEFs. Scale bar 20µm. (D) 

Immunostaining of IP6K3 and ACBD3 (marker for Golgi apparatus) in MEFs. IP6K3 does not 

colocalize with ACBD3. Scale bar 20µm. (E) Immunostaining of IP6K3 and HSP60 (marker for 

mitochondria) in MEFs. IP6K3 does not colocalize with HSP60. Scale bar 20µm. (F) 
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Immunostaining of IP6K3 and LAMP1 (marker for lysosome) in MEFs. IP6K3 does not colocalize 

with LAMP1. Scale bar 20µm. (G) Protein sequence alignment of human IP6K1, IP6K2 and IP6K3. 

The sequences of substrate binding regions (purple) of IP6Ks are 100% identical. The sequence 

identities of kinase domains of IP6Ks (yellow) are approximately 70%. The sequence identities of 

variable regions of IP6Ks are less than 20%. An* (asterisk) indicates positions which have a single, 

fully conserved residue. A : (colon) indicates conservation between groups of strongly similar 

properties. A . (period) indicates conservation between groups of weakly similar properties. 

 

 
Fig. S3. IP6K3 binds with DIC2 in vitro. (A) Myc tag GFP, myc tag IP6K3 (WT), myc tag 

IP6K3 (K217A), GST tag GFP and GST tag DIC2 were expressed in bacteria and purified. (B 

and C) In vitro binding assay. (B) Immunoprecipitation of myc tag (IP6K3 WT and IP6K3 KA) 
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pulls down DIC2, myc-GFP is a negative control. (C) Immunoprecipitation of GST tag (DIC2) 

pulls down WT IP6K3 and KA IP6K3, GST-GFP is a negative control. 

 

 
Fig. S4. Isolation and culture of IP6K3 WT and KO astrocytes (A) Immunostaining of GFAP, an 

astrocytes marker in IP6K3 WT and KO astrocytes. Scale bar 20µm. (B) PCR reactions 

demonstrate that WT astrocytes express IP6K1 (K1), IP6K2 (K2) and IP6K3 (K3). (C) 

Astrocytes were incubated with [3H] myo-inositol. The levels of [3H] IP-7 were determined by 

HPLC. *p<0.05. (D) Astrocytes were incubated with [3H] myo-inositol. The levels of [3H] IP-6 

were determined by HPLC. CPM, count per minute. 
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Fig. S5. IP6K3 does not directly bind with FAK or paxillin. Immunoprecipitation of IP6K3 from 

WT and IP6K3 KO brains. Western blot shows neither FAK or paxillin is pulled down by 

IP6K3. 

 

 
Fig. S6. Deletion of IP6K3 delays cell migration. (A) Scratch assay in MEFs shows migrating 

delay in IP6K3 KOs. (B) Boyden chamber assay demonstrates migration retardation in IP6K3 

KO MEFs. (C) IP6K3 KO MEFs were rescued by lentiviral transduction of WT IP6K3 or kinase 

deficient (KD) IP6K3. (D and E) WT IP6K3 but not KD IP6K3 rescues the migration in IP6K3 

KO MEFs in the wound healing assay (D) and Boyden chamber assay (E) *p<0.05, ***p<0.001.  
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Fig. S7. Deletion of IP6K3 causes brain malformation. (A) Littermates of WT and IP6K3 KO 

fetus brains (E17.5) were cut sagittally and stained with Satb2 for layers 2-4 and Ctip2 for layer 

5. WT Satb2-positive (layer 2-4) neurons are in the top layers and separate from Ctip2-positive 

(layer 5) neurons. In the IP6K3 KOs, Satb2-positive cells have not fully migrated to the top 

layers, and have not separated from the Ctip2-positive neurons (circled area). Scale bar 20µm, 

n=3. (B and C) WT and IP6K3 KO brains were cut sagittally. Purkinje cells were immunostained 

by anti-calbindin antibody. A number of Purkinje cells are aberrantly aggregated in the granule 

layers (arrow) at postnatal day 7 (P7) (B) and 6 month (C). Nucleus was stained with DAPI. 

Scale bar 100µm in (B) and 200µm in (C). n=3. 
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