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Inositol 1,3,4-trisphosphate 5/6-kinase (ITPK1) is a key regulatory
enzyme at the branch point for the synthesis of inositol
hexakisphosphate (IP6), an intracellular signaling molecule impli-
cated in the regulation of ion channels, endocytosis, exocytosis,
transcription, DNA repair, and RNA export from the nucleus. IP6

also has been shown to be an integral structural component of
several proteins. We have generated a mouse strain harboring a
�-galactosidase (�gal) gene trap cassette in the second intron of
the Itpk1 gene. Animals homozygous for this gene trap are viable,
fertile, and produce less ITPK1 protein than wild-type and het-
erozygous animals. Thus, the gene trap represents a hypomorphic
rather than a null allele. Using a combination of immunohisto-
chemistry, in situ hybridization, and �gal staining of mice het-
erozygous for the hypomorphic allele, we found high expression of
Itpk1 in the developing central and peripheral nervous systems and
in the paraxial mesoderm. Examination of embryos resulting from
homozygous matings uncovered neural tube defects (NTDs) in
some animals and axial skeletal defects or growth retardation in
others. On a C57BL/6 � 129(P2)Ola background, 12% of mid-
gestation embryos had spina bifida and/or exencephaly, whereas
wild-type animals of the same genetic background had no NTDs.
We conclude that ITPK1 is required for proper development of the
neural tube and axial mesoderm.

exencephaly � hypomorphic allele � inositol signaling � spina bifida

Inositol polyphosphates are water-soluble signaling molecules
derived by phosphorylation of combinations of the 6 hydroxyl

groups on the inositol ring. These compounds regulate various
cellular processes. The most abundant inositol polyphosphate,
inositol hexakisphosphate (IP6), plays an essential role in mRNA
export (1–4), DNA repair (5, 6), transcriptional regulation (7), pro-
tein kinase regulation (8–10), endocytosis (11), adenosine deami-
nase function (12), and nonvisual arrestin oligomerization (13).

Inositol 1,3,4-trisphosphate 5/6 kinase (ITPK1) is a pivotal
enzyme in the IP6 production pathway. In mammalian cells,
ITPK1 uses inositol 1,3,4-trisphosphate [I(1,3,4)P3] as a sub-
strate to generate inositol 1,3,4,5-tetrakisphosphate (IP4) and
inositol 1,3,4,6-P4 (14), which is further phosphorylated to
inositol 1,3,4,5,6-pentakisphosphate (IP5) by a 5-kinase (15, 16)
and then to IP6 by a 2-kinase (17, 18). ITPK1 also can phos-
phorylate inositol 3,4,5,6-P4 [I(3,4,5,6)P4] at the 1-position (19,
20), as well as function as a phosphatase and as an isomerase
(21–23). Overexpression of ITPK1 leads to increased levels of
IP4 isomers, IP5, and IP6, and depletion of ITPK1 by RNAi
results in decreased levels of IP4 isomers, IP5, and IP6 (18).
Underscoring the importance of the highly phosphorylated
inositols in cells, null mutations in either of the other 2 genes in
mice encoding kinases leading to the synthesis of IP6 results in
embryonic lethality (24, 25).

Although biochemical studies suggest that ITPK1 plays a key
role in intracellular inositol phosphate metabolism, little is
known about the developmental expression of this kinase.
Northern blot analysis has shown that human ITPK1 is widely

expressed, with the highest mRNA levels in the brain (14). To
characterize the developmental expression profile and in vivo
function of ITPK1, we generated mice harboring a �-galactosi-
dase (�gal) gene trap cassette in the Itpk1 gene. Examination of
embryos homozygous for the gene trap allele showed the pres-
ence of neural tube defects (NTDs) in some of these embryos.
NTDs are common birth defects in humans (26). Several studies
have shown that women with low serum folate levels are at an
increased risk of giving birth to a child with an NTD (27–29). The
pivotal role of maternal folate level in human NTDs was
conclusively demonstrated in the 1991 Medical Research Coun-
cil Vitamin Study investigating NTD prevention, which reported
a 70% protective effect from periconceptual folic acid supple-
mentation (30). That leaves 30% of cases of NTD considered
folate-resistant.

In some animal models for folate-resistant NTDs, inositol
supplementation or depletion has been shown to affect the
prevalence of NTDs (31–35). In this report, we show that mice
with reduced levels of ITPK1 develop NTDs. We propose that
disruption of inositol signaling might be responsible for the
NTDs seen in these animals.

Results
Characterization of a Transgenic Mouse Harboring a �gal Reporter in
the Itpk1 Gene. To gain insight into the in vivo function of ITPK1,
we generated mice harboring a �gal gene trap cassette in the
second intron of the Itpk1 gene. To assess the expression of
ITPK1 in these mice, we tested whether an antibody produced
against human ITPK1 would cross-react with the mouse protein.
Western blot analysis revealed a 50-kDa protein in soluble
extracts from mouse and human brain (Fig. 1A). Using this
antibody, tissue sections from adult mouse brain were stained for
ITPK1 immunoreactivity. Hippocampal neurons (Fig. 1B),
brainstem neurons (Fig. 1C), periventricular neurons [support-
ing information (SI) Fig. S1 A], and choroid plexus cells (Fig.
S1B) all stained positive for ITPK1.

RT-PCR analysis showed that alternative mRNA splicing of
the gene trap allele produced both a full-length wild-type
transcript (Fig. 1D) and an Itpk1–�gal fusion transcript (Fig.
1E) (data not shown). Thus, the gene trap results in a
hypomorphic rather than a null allele. Western blot analysis of
mouse brain extracts probed with the antibody against human
ITPK1 was performed using soluble protein extracts from 3
littermates each of wild-type, heterozygote, and homozygote
animals. Consistent with the production of full-length enzyme
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in animals genotypically homozygous for the gene trap allele,
all animals produced some ITPK1, but levels varied widely,
ranging from 42% to 67% for heterozygotes and 24% to 67%
for homozygotes (Fig. 1F).

Itpk1 Expression During Embryonic and Postnatal Development. To
determine the developmental expression pattern of Itpk1, we
performed in situ hybridization or Xgal staining on mice het-
erozygous for the gene trap allele. Adjacent sections of mouse
tissue from the hippocampus (Fig. 1 G and H), brown adipose
tissue Fig. S2 A and B), and cervical ganglia (Fig. S2 C and D)

were subjected to Xgal staining or in situ hybridization; these 2
methods yielded identical results.

In situ hybridization of sections of embryonic day (E) 7.5 mice
showed that Itpk1 mRNA is expressed in decidua but not in the
embryo proper (Fig. S3A). Whole-mount Xgal staining of E8.5
mice heterozygous for the gene trap allele revealed expression in
paraxial mesoderm but not in the cranial neural folds or anterior
intestinal portal (Fig. S3B). By E10.5, Xgal staining was observed
in the neural tube as well as in neural crest derivatives, such as
the trigeminal ganglion and dorsal root ganglia (Fig. S3 C and D).
Whole-mount Xgal staining of an E12.5 mouse showed staining
throughout the neural epithelium and neural crest derivatives
(Fig. 2A). Analysis of histological sections of Xgal-stained
embryos revealed strong Itpk1 expression in neural tissues,
including the neural epithelium (Fig. 2 A and B), as well as in the
retinal neurons (Fig. 2B, inset), cranial nerve ganglia (Fig. 2C),
dorsal root ganglia (Fig. 2D), adrenal medulla (Fig. 2E), and
neurons of the lateral temporal lobe, hippocampus, and cere-
bellum (Fig. 2I and J). Itpk1 expression also was seen in brown
adipose tissue, vascular smooth muscle cells (Fig. 2 F, G, and K),
and visceral smooth muscle cells in the lung (Fig. 2F) and gut
(Fig. 2L). No staining was observed in skeletal muscle (Fig. 2F
and Fig. S2 A and B), consistent with enzymatic assays of ITPK1
in bovine tissue extracts demonstrating the lowest activity level
in skeletal muscle (Fig. S4).

NTDs and Skeletal Abnormalities in Itpk1 Hypomorphic Embryos.
Examination of embryos homozygous for the Itpk1 gene trap
allele revealed NTDs in some of the embryos. Scanning electron
micrographs of 3 E11.5 homozygous littermates are shown in
Fig. 3 A–C. The embryo in Fig. 3A appears normal, whereas the
embryos in Fig. 3 B and C exhibit varying degrees of exencephaly.
Fig. 3D shows an E10.5 mouse exhibiting both exencephaly and
spina bifida. Fig. 3 E–G shows an E11.5 homozygote with a
nascent myelomeningocele. The spinal column is often de-
formed in both human and animal models of NTDs (36).
Examination of the skeletons of late gestation Itpk1 hypomor-
phic mice stained with alizarin red and alcian blue revealed
several abnormalities. Fig. 3 H and I shows a skeleton prepara-
tion from an E14.5 mouse with severe kyphoscoliosis, a small
thorax, and malformed ribs. The inset in Fig. 3H shows this
embryo next to a littermate, with an arrow indicating the
abnormal spinal curvature; Fig 3I shows a close-up view of the
disorganized rib structure.

The prevalence of NTDs in Itpk1 hypomorphic mice on a
mixed C57BL/6 � 129(P2)Ola genetic background is summa-
rized in Table 1. Embryos age E9.5–E12.5 were screened for
defects. NTDs were seen at all embryonic days examined and
were most pronounced between E9.5 and E11.5. By E12.5, the
number of embryos exhibiting NTDs dropped dramatically,
consistent with either delayed neural tube closure or embryo
resorption. At the earliest embryonic stage examined (E9.5), 6%
of the embryos were severely growth-retarded, defined as being
�50% the size of their littermates (Fig. S5). But by E12.5, no
growth retardation was observed, implying that these embryos
are likely resorbed. The overall incidence of birth defects in
embryos age E9.5–E12.5 was 44/188 (23%). Examination of
wild-type embryos age E9.5–E13.5 from the same mixed genetic
background as the Itpk1 hypomorphic mice revealed no NTDs
(n � 92; P � .001).

Discussion
The inositol metabolic pathway comprises numerous lipid and
soluble inositol intermediates containing phosphate moieties on
1 or more of the 6 hydroxyl groups, as well as pyrophosphate
bonds (37–39). This dynamic pathway is controlled by the
activities of kinases and phosphatases that interconvert these
intermediates. One of these kinases, ITPK1, is a multifunctional

Fig. 1. Characterization of the ITPK1 antibody and ITPK1 protein levels in
mice homozygous for the Itpk1–�gal gene trap allele. (A) Western blot
analysis of soluble extracts from cadaveric human and mouse brain (6 �g
protein/lane). (B and C) Immunoperoxidase staining of wild-type mouse brain
showing ITPK1 immunoreactivity in hippocampal (B) and brainstem (C) neu-
rons. (Scale bar � 30 �m.) (D and E) Diagram of the gene trap allele. Alter-
native mRNA splicing of the gene trap allele produces both a full-length
wild-type transcript (D) and Itpk1–�gal fusion transcript (E). (F) Western blot
analysis of ITPK1 protein in soluble brain extracts (2.5 �g protein/lane) from
wild-type mice and mice either heterozygous or homozygous for the gene
trap allele. (G and H) Correlation of Xgal staining and Itpk1 mRNA expression
in a mouse heterozygous for the Itpk1–�gal allele. Adjacent cryosections of
hippocampus (hc) were subjected to Xgal staining (G) or in situ hybridization
for Itpk1 mRNA (H; dark-field microscopy). (Scale bar � 50 �m.)

9832 � www.pnas.org�cgi�doi�10.1073�pnas.0904172106 Wilson et al.

http://www.pnas.org/cgi/data/0904172106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0904172106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0904172106/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0904172106/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0904172106/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0904172106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0904172106/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0904172106/DCSupplemental/Supplemental_PDF#nameddest=SF5


enzyme that catalyzes the rate-limiting step in the formation of
higher phosphorylated forms of inositol in mammalian cells (18).

ITPK1 is expressed throughout the adult nervous system and
in the neural epithelium and neural crest derivatives of the
developing embryo. Mice homozygous for the gene trap allele all
produce some ITPK1 and thus are hypomorphs. Examination of
homozygous embryos revealed a subset with NTDs. Between
E9.5 and E11.5, 12% of embryos exhibited exencephaly and/or
spina bifida. By E12.5, the number of NTDs declined, indicating
either that the affected embryos are being resorbed or that the
NTDs represent delayed neural tube closure.

Although there are mouse models of NTDs that include mice
born with an open neural tube, Pax1/E2� double-mutant mice
(40), and mice with an inactive MEKK4 kinase gene (41), the
more common event is delayed neural tube closure. The NTDs
seen in the Itpk1 hypomorphic mice are consistent with the latter,
in which delayed neural tube closure results in modest postnatal
defects. These include skeletal defects in curly tail mice (42),
grainyhead—like-3 null (Grh3�/�) mice (43), crooked tail mice
(44), and TRAF-4–deficient mice (45). Skeletal defects have
been observed in some Itpk1 hypomorphic embryos. Embryos
presenting with exencephaly represent a small percentage of the
NTDs in Itpk1 hypomorphic mice, as is the case for this defect
in curly tail mice and in Grh3�/� mice (43, 46), and likely are
resorbed before birth.

A link between inositol metabolism and NTDs has been
established in several animal models. Rat embryos cultured in
inositol-free medium tend to be malformed (32). NTDs are

seen in 20% of the offspring of female rats with diabetes, and
oral inositol supplementation during pregnancy reduces this
number by half (33). The mouse mutants curly tail, Axd, and
EphA7 are all susceptible to folate-resistant NTDs (31). Cul-
ture of curly tail embryos in inositol-deficient medium in-
creases the incidence of NTDs (34). Intraperitoneal injection
of inositol to pregnant curly tail mice reduces the incidence of
NTDs by 70% (35). Mice with a null allele for the inositol lipid
kinase type I phosphatidylinositol-4-phosphate 5-kinase �
exhibit exencephaly, apparently due to abnormal adhesion
junction formation or neuronal cell migration (47).

Only limited data are available for establishing a correlation
between inositol and NTDs in humans. One study found that
mothers with low serum inositol have a 2.6-fold increased risk
of having offspring with spina bifida, and that children with
spina bifida have 7% lower serum inositol levels than control
children (48). In 2 case reports, women at high risk for having
a child with an NTD (defined as having 2 previous pregnancies
complicated by an NTD despite folic acid treatment) were
given inositol during pregnancy. The first case report described
a couple whose third, healthy child was born after inositol and
folic acid supplementation (49). The second report described
3 sets of parents at high risk for having a child with an NTD
who gave birth to a total of 5 healthy children after inositol and
folic acid supplementation (50).

That a perturbation in inositol metabolism is responsible for
the NTDs seen in the Itpk1 hypomorphic mice remains to be
shown. We speculate that the phenotype is due to impaired

A B C D

E F G H
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Fig. 2. Expression of Itpk1 in the developing mouse. (A) Whole-mount Xgal staining of a mouse embryo heterozygous for the Itpk1–�gal gene trap allele. (B–L)
Tissue sections from mice heterozygous for Itpk1–�gal gene trap allele were subjected to Xgal staining. Expression of the transgene was evident in rostal
neuroepithelium (ne) and retinal neurons (r) (B, inset); ganglia of cranial nerves V, VII, and VIII (C); dorsal root ganglia (drg) of the lower trunk (D); adrenal medulla
(m) (E); brown adipose tissue (bat) and vascular smooth muscle cells in an adjacent artery (ar) but not in skeletal muscle (sk) (F); coronary arteries (ca) (G); airway
smooth muscle (sm) (H); neurons of the lateral temporal lobe and hippocampus (hc, inset) (I); neurons in the cerebellum, particularly in the Purkinje cell layer
(pl; inset) (J); vascular smooth muscle cells in arterioles (ar) of the kidney (inset shows a juxtaglomerulary arteriole) (K); and serosal cells (s), visceral smooth muscle
cells (sm), and arteriolar smooth muscle cells (ar) of the duodenum (L).
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production of inositol polyphosphates, which have been shown to be
involved in multiple processes required for neural tube closure. The
variable penetrance of NTDs in the Itpk1 hypomorphs could result
from the highly variable expression of this enzyme in these animals.
Mice producing sufficient amounts of ITPK1 may have offspring
with no defects, whereas those producing inadequate amounts of
ITPK1 to maintain adequate levels of highly phosphorylated ino-
sitols may be susceptible to NTDs. Experiments are currently
underway to artificially reduce as well as increase the inositol levels
in these mice in an effort to exacerbate or reduce the number of

NTDs, respectively. In these experiments, the level of each inositol
polyphosphate is being measured in hypomorphic embryos meta-
bolically labeled with inositol.

Materials and Methods
Reagents and Chemicals. Unless noted otherwise, all reagents and chemicals
were purchased from Sigma Aldrich.

Generation of Mice Harboring an Itpk1 Gene Trap Allele. Male chimeric mice
generated from the ES cell line DTM066 was obtained from BayGenomics
(http://www.genetrap.org/). These animals were inbred until a population
was obtained in which the mice were homozygous for the gene trap allele.
Detailed genotyping information is provided in SI Materials and Methods.

Embryo Collection. All animal experiments were approved by Washington
University’s Animal Studies Committee. See SI Materials and Methods for
details on embryo and tissue collection.

Preparation of ITPK1 Antibody and Western Blot Analysis. Standard methods
were used to produce a polyclonal antibody against human ITPK1 (see SI Mate-
rials and Methods). Total lysate from brain tissue was assessed by freezing the
tissue in liquid nitrogen, followed by homogenization in lysis buffer and Western
blot analysis, as described in SI Materials and Methods.

A B

C D

E F

G

H

I

Fig. 3. NTDs and axial skeleton malformations in mouse embryos homozygous for the Itpk1–�gal gene trap allele. (A–C) Scanning electron micrographs of a
normal-appearing E11.5 mouse (A) and 2 littermates (B and C) with varying degrees of exencephaly (arrowheads). The inset in panel C shows another view of
the open neural tube. (D) Xgal-stained E10.5 mouse with both exencephaly (arrowhead) and spina bifida (arrows). The dashed line indicates the orientation of
the tissue section shown in the inset. The asterisk highlights the open neural tube. (E) Nascent myelomeningocele (arrowheads) in an E11.5 mouse. (F and G)
Dashed lines indicate the orientation of tissue sections through the intact neural tube (F) and open neural tube (G, asterisk). (H and I) E14.5 mouse skeletons
stained with alcian blue and alizarin red to visualize cartilage and bone. The inset in panel H shows 2 littermates, one of which has kyphoscoliosis (arrowhead).
Higher-magnification views of this embryo are shown in panels H and I. Note the presence of malformed ribs (arrowheads in I). Abbreviations: drg, dorsal root
ganglia; hl, hind limb; lb, limb bud; mc, myelocele; ntc, notochord.

Table 1. Summary of birth defects in Itpk1 hypomorphic
embryos

E9.5 E10.5 E11.5 E12.5

Total number of embryos 36 27 69 56
% with NTD 17 11 17 4
% resorbed 0 11 12 11
% growth retarded 6 4 1 0
% total birth defects 22 26 30 14
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Immunostaining, Xgal Staining, and In Situ Hybridization. Tissue sections were
processed for immunoperoxidase staining (51) and for Xgal staining as described
previously (52). Tissuecryosections (10 �m)weresubjectedto in situhybridization
as described previously (53). Details on the immunostaining, Xgal staining, and in
situ hybridization procedures are provided in SI Materials and Methods.

Skeleton Staining. SkeletalstainingofembryoswasdoneusingthemethodofNomi
et al. (54) with minor modifications, as described in SI Materials and Methods.

Scanning Electron Microscopy. Embryos were prepared and examined using
standard techniques, as outlined in SI Materials and Methods (55).
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