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Huntington’s disease (HD) is a progressive neurodegenerative disease
caused by a glutamine repeat expansion in mutant huntingtin (mHtt).
Despite the known genetic cause of HD, the pathophysiology of this
disease remains to be elucidated. Inositol polyphosphate multikinase
(IPMK) is an enzyme that displays soluble inositol phosphate kinase
activity, lipid kinase activity, and various noncatalytic interactions. We
report a severe loss of IPMK in the striatum of HD patients and
in several cellular and animal models of the disease. This depletion
reflects mHtt-induced impairment of COUP-TF-interacting protein 2
(Ctip2), a striatal-enriched transcription factor for IPMK, as well as
alterations in IPMK protein stability. IPMK overexpression reverses
the metabolic activity deficit in a cell model of HD. IPMK depletion
appears to mediate neural dysfunction, because intrastriatal delivery
of IPMK abates the progression of motor abnormalities and rescues
striatal pathology in transgenic murine models of HD.
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Huntington’s disease (HD) is an autosomal dominant dis-
order manifesting profound neurodegeneration and de-
mentia with motor abnormalities deriving from the expansion
of glutamine repeats in mutant huntingtin (mHtt) (1). This
disease mainly affects the striatum, resulting in the dysfunction
and death of striatal medium spiny neurons (2). Although the
genetics of HD are well delineated, the specific mechanisms
whereby mHtt leads to selective neurodegeneration have been
elusive. Numerous defects of neurotransmission have been
reported in HD, such as glutamate-mediated excitotoxicity of
neurons (3), as well as abnormalities in trophic factor signaling,
including the brain-derived neurotrophic factor (BDNF) (4).
Dysregulation of various transcription factors also occurs in
HD (5). Krainc and colleagues noted that mHtt binds with high
affinity to the transcription factor Spl, impairing biosynthesis
of diverse proteins and leading to abnormalities in dopamine
receptor disposition (6).

The striatal-enriched transcription factor COUP-TF-interacting
protein 2 (Ctip2) (Bcll1b) (7) similarly binds mHtt and is depleted
in the striatum of HD patients (8). Thomas and colleagues sub-
sequently performed a genome-scale Ctip2 overexpression screen
identifying Ctip2 targets, which include inositol polyphosphate
multikinase (IPMK) (9). IPMK physiologically generates inositol
tetrakisphosphate (IP,) and inositol pentakisphosphate (IPs) (10,
11) as part of the inositol polyphosphate pathway. The family of
inositol polyphosphates also includes inositol 1,4,5-trisphosphate
(IP3), which releases intracellular calcium, as well as higher
inositol phosphates including those containing diphosphate
moieties with energetic pyrophosphate properties (12, 13).
IPMK additionally possesses PI3-kinase (lipid kinase) activity and
is a physiologic source of phosphatidylinositol (3,4,5)-triphosphate
[PIP; or PtdIns (3,4,5)P;] (14, 15). Furthermore, IPMK displays
functions independent of its kinase activity. It binds and stabilizes
the mTOR complex (16) and serves as a transcriptional coactivator
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for CREB-binding protein (17), p53 (18), and serum response factor
(19). Despite these insights into the functions of IPMK, its phys-
iologic and pathologic regulation have been largely unexplored.

We report that IPMK is profoundly depleted in HD, reflecting
the influence of mHtt upon Ctip2, a putative striatal-enriched
transcription factor for IPMK. We show that IPMK depletion
mediates neural dysfunction, because virally mediated restoration
of IPMK delays the progression of behavioral abnormalities and
rescues striatal pathology.

Results

IPMK Protein Is Depleted in HD Striatum. A useful model of HD is
the immortalized striatal progenitor cell line with 111 glutamine
repeats, STHdhC' @111 (Q111), and the control cell line with seven
glutamine repeats, STHdh?”” (Q7) (20). IPMK protein is depleted
by 75% in Q111 cells (Fig. 14). This deficit appears to reflect, at
least in part, defective IPMK transcription, because IPMK mRNA
levels are reduced by 40% in Q111 cells (Fig. 1B). Furthermore,
IPMK produces the soluble inositol phosphates IP, and IPs, both of
which are depleted in Q111 cells (Fig. S1.4 and B). Levels of inositol
hexakisphosphate (IP;), the catalytic product of IPs 2-kinase (IPPK
or IPK1), are unaltered, likely because of elevated IPPK protein
expression in Q111 cells (Fig. S1C). The R6/2 transgenic murine
model of HD involves about 150 glutamine repeats (21). We ex-
amined IPMK levels in the striatum of R6/2 mice, because this
portion of the brain is most prominently affected in HD (2). Striatal
IPMK protein levels are reduced in R6/2 striatum (Fig. 1C) and in
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cortex and hippocampus but not cerebellum (Fig. S1D). The zQ175
knockin model of HD (22) displays a similar decrease in IPMK
protein expression in the striatum (Fig. 1D). Most importantly,
IPMK levels are diminished by 75% in the striatum of human pa-
tients with HD (Fig. 1E). Information on age, sex, and postmortem
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Fig. 1. IPMK protein and mRNA levels are decreased in HD. (A) IPMK protein
levels are decreased in Q111 cells. Bars represent means + SEM normalized to
p-actin (n = 3). **P < 0.01 relative to Q7 cells. (B) IPMK mRNA levels are also
reduced in Q111 cells. Bars represent means + SEM normalized to p-actin mRNA
(n =3). **P < 0.01 relative to Q7 cells. (C) R6/2 striatal samples contain less IPMK
than littermate controls. (D) IPMK levels also are decreased in zQ175 striatum. In
C and D, bars represent means + SEM normalized to p-actin (n = 3). *P < 0.05
relative to wild type. (E) IPMK protein is decreased in postmortem HD striatum.
Bars represent means + SEM normalized to GAPDH (n = 5 for control group and

delay (PMD) of these striatal tissues is provided in Table S1.

IPMK Transcription and Protein Stability Are Impaired in HD Cells.
Ctip2 recently was revealed as a putative transcription factor for
IPMK (9). Accordingly, we explored its relevance to HD. We
confirmed the loss of Ctip2 in R6/2 striatum (Fig. S24), cortex, and
hippocampus, but not cerebellum, which does not express Ctip2
(Fig. S2B). Depletion of Ctip2 in Q7 cells reduces IPMK levels by
about 60% (Fig. 24). Conversely, overexpression of Ctip2 reverses
the loss of IPMK protein in Q111 cells, restoring them to normal
values, but does not alter IPMK levels in Q7 cells (Fig. 2B). Thus,
IPMK depletion in this cellular model of HD occurs in part through

transcriptional regulation by Ctip2.

Because the depletion of IPMK protein in Q111 cells is sub-
stantially greater than the loss of IPMK mRNA, we investigated
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whether HD is associated with alterations in IPMK protein stability.
We monitored the turnover of IPMK by examining its rate of de-
pletion following inhibition of protein synthesis with cycloheximide
(Fig. 2C). In Q7 cells, cycloheximide treatment requires about 8 h to
secure 45% depletion. In contrast, 4 h after cycloheximide admin-
istration, IPMK protein levels in Q111 cells are reduced about 80%.
The calculated half-life for IPMK turnover in Q7 cells is 8.9 h,
which is reduced to 2 h in Q111 cells. Impairing the proteasomal
degradation pathway using MG132 does not alter IPMK protein
levels in Q7 and Q111 cells (Fig. S2C). In contrast, inhibition of the
lysosomal degradation pathway using bafilomycin rescues IPMK
protein levels in Q111 cells (Fig. 2D). Thus, IPMK depletion in
Q111 cells is associated with decreased protein stability involving
lysosomal degradation as well as diminished transcription. One
potential mechanism for depleting IPMK might involve mHitt
binding IPMK and increasing turnover. We examined this possi-
bility by monitoring binding between the two proteins (Fig. 2E).
IPMK binds robustly to the N-terminal fragment of mHtt (N171-
82Q) but not to wild-type Htt (N171-18Q).

IPMK Expression Rescues mHtt-Induced Deficits in Mitochondrial
Metabolic Activity. We wondered whether the depletion of IPMK in
HD is responsible for the molecular and behavioral abnormalities
of HD. If so, restoring the depleted IPMK should be beneficial.
We assessed mitochondrial metabolic activity of cells by the MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] as-
say (Fig. 34). The metabolic activity of Q111 cells is only half that of
Q7 cells (23). Overexpressing IPMK alleviates this abnormality
(Fig. 34). IPMK possesses both inositol phosphate kinase and PI3-
kinase activities as well as displaying various noncatalytic actions
(11, 14-17). To ascertain which of these activities mediates the
beneficial effects of IPMK, we overexpressed IPMK K129A-S235A
(IPMK-KASA), which is devoid of both inositol phosphate kinase
and PI3-kinase activities. We also overexpressed the Arabidopsis
thaliana ortholog, atIPK2f, which possesses inositol phosphate
kinase but not PI3-kinase activity and has been shown to restore
inositol phosphate production in IPMK ™~ mouse embryonic fi-
broblasts (14). Neither IPMK-KASA nor atIPK2p rescue the
depressed metabolic activity of Q111 cells (Fig. 3B). The lack of
activity of IPMK-KASA indicates that the catalytic activity of IPMK
is required for rescue. The inactivity of atIPK2p suggests that the
PI3-kinase activity of IPMK is responsible for restoring the meta-
bolic activity of Q111 cells.

PIP; physiologically activates Akt protein kinase. Akt signaling
deficits have been described previously in HD striatum and
lymphoblasts (24). We observe a 70% depletion of phospho-Akt
levels in Q111 cells at the T308 and S473 sites (Fig. 3 C and D).
The loss of phospho-Akt at both sites is reversed by over-
expressing IPMK in Q111 cells (Fig. 3 E and F).

Adeno-Associated Virus Serotype 2-Mediated Delivery of IPMK
Improves Psychomotor Performance in a Transgenic Mouse Model
of HD. Is the IPMK deficit in HD responsible for the pathological
and motor abnormalities of HD? We investigated whether direct
administration of IPMK-expressing adeno-associated virus sero-
type 2 (AAV2) in the striatum of R6/2 HD mice (Fig. 4 A and B)
influences the pathology and behavioral phenotype of these ani-
mals over time (Fig. S34). Although no effects are observed on
weight and survival (Fig. S3 B and C), viral overexpression of
IPMK in the striatum of R6/2 mice reduces the number of mHtt
aggregates and the size of these aggregates by ~75% and 30%,
respectively, at 10 wk of age (Fig. 4 C-E). These pathological
changes correspond with the delay in motor deficits observed in
R6/2 animals. Repletion of IPMK restores central locomotor ac-
tivity of the R6/2 mice to levels that are not significantly lower
than those of wild-type mice at 6 wk (Fig. 4F). However, IPMK
overexpression does not significantly improve rotarod per-
formance (Fig. S44), likely because of the earlier onset of this
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particular deficit. In a balance beam model, the time to cross is
increased eightfold in R6/2 mice compared with wild-type animals
(Fig. 4G). This time is reduced by half in IPMK-replenished mice.
We also evaluated a composite phenotype (25) of HD abnormalities,
which consist of hindlimb clasping, gait abnormalities, kyphosis, and
ledge walking (Fig. 4H). The composite phenotype score is reduced
almost by half with IPMK repletion. This reduction is consistent with
improvement in gait, specifically stride length, in R6/2 mice receiving
the IPMK-expressing virus (Fig. S4B). Furthermore, there is reduced
fore footprint-hind footprint overlap in the R6/2 animals, which
appears to improve with IPMK delivery. We did not observe sig-
nificant differences in balance beam and composite scores relative to
wild-type mice before 10 wk of age.

Discussion

In the present study we report a dramatic depletion of IPMK in
the striatum of humans with HD as well as in Q111 HD cells and
in the R6/2 and zQ175 murine models of HD. The depletion of
IPMK occurs at both the transcriptional and protein stability
levels and corresponds with decreased Akt signaling (Fig. 41).
IPMK depletion appears to mediate, at least in part, the pathology
and motor deficits in HD, because viral expression of IPMK in the
striatum of R6/2 mice, the brain region primarily affected in
clinical HD, delays locomotor deficits of the animals and reduces
the number and size of aggregates. Although grade III and IV HD
are advanced and are characterized by severe neuronal loss in the
striatum, numerous proteins are down-regulated at these stages be-
cause of mHtt-mediated transcriptional dysregulation rather than
merely reflecting pathogenic tissue loss (5, 6, 8, 26-28). Additional
studies during earlier stages of HD may discriminate differential
sensitivities of specific neuronal populations in HD.
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binds selectively to the N-terminal fragment of mHtt but not
to wild-type Htt.

The striatal-enriched transcription factor Ctip2 appears to de-
termine IPMK transcription. Its overexpression reverses the IPMK
depletion in Q111 cells. Ctip2 protein itself also is selectively
expressed in striatal medium spiny neurons (29), the cell type
uniquely lost in HD (2). The depletion of Ctip2 in the striatum,
cortex, and hippocampus of R6/2 mice is consistent with the altered
expression pattern of IPMK in these mice, which reflects the HD
pathology in the cortex and additional brain tissues (30). In-
terestingly, Ctip2 overexpression in Q7 cells does not change IPMK
protein levels, suggesting a potential negative feedback effect of
IPMK or other targets on Ctip2 transcriptional activity.

Altered IPMK protein stability and lysosomal degradation also
contribute to the loss of IPMK protein in the cellular model of HD.
Although both macroautophagy and the ubiquitin proteasome
system are impaired in HD, chaperone-mediated autophagy is
constitutively up-regulated in early stages of the disease, thereby
increasing the turnover of both wild-type Htt and mHtt frag-
ments (31). The selective interaction of IPMK with the N-ter-
minal fragment of mHtt might explain the loss of IPMK through
lysosomal degradation in Q111 cells but not Q7 cells.

We provide several lines of evidence that the depletion of
IPMK is pathogenic in HD. Overexpressing IPMK restores to
normal the depressed mitochondrial metabolic activity of Q111
cells, an action that appears to be determined by the PI3-kinase
activity of IPMK. IPMK and the pl110 PI3-kinase act co-
ordinately in generating PIP; (14), a classic stimulant of Akt
(32). Phospho-Akt depletion in Q111 cells is rescued by over-
expressing IPMK. Overexpression of constitutively active Akt is
sufficient to rescue pathologic phenotypes, such as the formation
of nuclear inclusions, in primary rat brain cultures expressing
mHtt (33). Akt also regulates inclusions indirectly by phosphory-
lating other proteins such as the ADP ribosylation factor-interacting

PNAS | Augustd4, 2015 | vol. 112 | no.31 | 9753

NEUROSCIENCE


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1511810112/-/DCSupplemental/pnas.201511810SI.pdf?targetid=nameddest=SF4

A 14 *x Q7 B 12
> 12 =Q111 > 1
8 08 * 8 08
Q2 b o o e L 06
S 06 S
@ 04 @ 04
(7] (7]
= 02 = 02
° control IPMK (1ug)  IPMK (2ug) ° control IPMK WT
C Q7 Q111 g’ D Q7 Q111
p-Akt (T308) W W& =, p-Akt (S473) e o
o
total Akt - — %Zf o total Akt s p—
B-actin s w— §°z B-actin e s
Q7 Q111
E Q7 Q111 Q7
IPMK(ug) 0 0 05 2 IPMK (ug) 0 0.5 2 s
p-Akt (T308) s “=  p-AKt(T308) W e < 2
©
total AKt s s s w— total Akt e - O 00
B-actin e e— —— — B-actin = s s— 3(:(52
0
F Q7 Qi1 Q7
IPMK(ug) 0 0 05 2 IPMK (ug) 0 05 2 z 18
P-Akt (S473) M s v Wl A\t (S473) EEB— - -
N~
tOtal AKE | S ——— total Akt e s m & 05
B-actin e s——— [B-actin [SE——— 10

protein arfaptin2, which rescues mHtt-induced proteasomal im-
pairment (34).

mHtt is phosphorylated by Akt at the S421 site, which restores
fast axonal transport by altering the mHtt interaction with dynactin
(35). Conversely, excitotoxic stimulation of NMDA receptors
(NMDARS) reduces mHtt S421 phosphorylation (36). Because the
R6/2 animals used in this study express the N-terminal fragment of
mHtt rather than full-length mHtt, the observed effects of IPMK
likely do not require direct phosphorylation of mHtt by Akt. Thus,
through the multiple downstream effects of Akt, IPMK deficit may
account for the notably pleiotropic manifestations of HD. IPMK
also may have additional functions, because its lipid kinase activity
is required for the selective export of mRNA (37).

Several signaling pathways implicated in HD converge on Akt.
The BDNF pathway is altered in HD because of decreased tran-
scription and release of BDNF at the corticostriatal synapses (4, 38)
as well as impaired TrkB receptor signaling (39). Similarly, synaptic
(but not extrasynaptic) NMDARs enhance Akt phosphorylation
and neuroprotection (40).

Intrastriatal delivery of IPMK in R6/2 mice improved motor
deficits in the R6/2 model of HD. IPMK overexpression had the
greatest effects on balance beam performance and gait. The motor
deficits assessed using these tests appear during later symptomatic
stages (after age 8.5 wk) in R6/2 animals (41). Mild to no effects
were observed in open field and rotarod testing, respectively, likely
because the corresponding motor deficits occur at age 5 wk. Thus,
earlier delivery of IPMK may have greater effects on the behavioral
phenotype of these R6/2 animals. In addition to motor deficits,
early clinical manifestations of HD include cognitive symptoms
(42). IPMK regulates the induction of immediate early genes
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required for learning, memory, and behavior, because IPMK-
deleted mice display aberrant spatial memory (17).

Additional clinical features of HD include peripheral organ
dysfunction such as weight loss, skeletal muscle wasting, and met-
abolic and endocrine alterations (43). IPMK influences metabolism
through its inhibition of AMP-activated kinase (AMPK) activation
(44). AMPK promotes catabolic pathways while inhibiting various
anabolic pathways such as cholesterol and triglyceride synthesis
(45). Interestingly, a pathologic increase in AMPK phosphorylation
has been demonstrated in HD patients and in the R6/2 model (46).
IPMK delivery in R6/2 animals did not improve body weight and
survival, probably because IPMK was expressed only in the stria-
tum. Conceivably, widespread expression of IPMK in HD models
may improve peripheral organ dysfunction.

The small G protein Ras homolog enriched in striatum
(Rhes) sumoylates mHitt, resulting in cytotoxicity (47) (Fig. 4/),
which is further enhanced through the interaction of Rhes and
mHtt with acyl-CoA binding domain containing 3 (ACBD3)
(48). An in vivo screen for SUMOI substrates demonstrated
that Ctip2 is sumoylated (49). Perhaps Rhes also modulates the
Ctip2-IPMK-AKkt signaling pathway. Interestingly, Rhes has
been shown to recruit the regulatory subunit of PI3K to the cell
membrane, subsequently enhancing Akt phosphorylation in
healthy cells (Fig. 47) (50). We also reported a marked de-
pletion of cystathionine y-lyase (CSE) in HD (51). CSE is a
rate-limiting enzyme in the biosynthesis of cysteine and gener-
ation of the gasotransmitter hydrogen sulfide (51, 52). Treating
R6/2 mice with cysteine or cysteine precursors markedly improves
the motor performance of R6/2 mice, similar to the improvement
that we have observed with viral delivery of IPMK.
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Fig. 4. Virus-mediated expression of IPMK delays motor impairment of R6/2 mice. (A) Coronal section of mouse brain demonstrating intrastriatal virus expression
2 wk postinjection. (B) Striatal tissue obtained from R6/2 mice 10 wk postinjection with either GFP control AAV2 (denoted “C") or IPMK-expressing AAV2 (denoted
“1") confirms increased IPMK expression (arrow) in wild-type and R6/2 animals receiving IPMK-expressing AAV2. The expression of the unknown upper band is also
increased in tissues obtained from animals receiving the IPMK virus. (C) EM48-positive mHtt aggregates are present in R6/2 striatum and are absent in wild-type
striatum. Virus-mediated overexpression of IPMK reduces the number and the size of mHtt aggregates. (Scale bar, 50 um.) (D) Quantitation of number of mHtt
aggregates per 40x field of view measuring 0.1 mm?. Bars represent the mean number of aggregates + SEM (n = 3 animals). **P < 0.01 relative to the number of
R6/2 control aggregates. (E) Quantitation of the size of mHtt aggregates based on the cross-sectional area of aggregates. Bars represent the mean size of ag-
gregates + SEM (n = 3 animals). *P < 0.05 relative to the size of aggregates in R6/2 control sections. (F) IPMK overexpression delays impairment of central lo-
comotor activity. Bars represent mean beam breaks + SEM (n = 9-12 animals per group). *P < 0.05, **P < 0.01 relative to either wild-type or R6/2 mice injected
with control virus. (G) IPMK restores motor coordination and balance assessed by balance beam performance. Bars represent the mean of the total time required to
cross the beam + SEM (n = 7-10 animals per group). **P < 0.01, ****P < 0.0001 relative to either wild-type or R6/2 mice injected with control virus. (H) General
phenotype based on clasping, kyphosis, gait, and ledge walking is presented as a composite score and is improved by IPMK overexpression. Bars represent
means + SEM (n = 9-10 animals per group). *P < 0.05 relative to R6/2 mice receiving control virus. () In normal striatal cells, Ctip2 up-regulates IPMK expression.
IPMK displays several functions, including the lipid kinase activity, which enhances Akt signaling, as well as a soluble inositol phosphate kinase activity and various
noncatalytic activities. In HD, Ctip2 transcriptional activity and expression is inhibited by mHtt, resulting in decreased IPMK transcription. Decreased IPMK protein
stability, likely caused by the selective interaction with mHtt, further reduces IPMK protein levels, resulting in the loss of Akt phosphorylation. (J) Our current model
indicates that Ctip2 up-regulates IPMK, which in turn enhances Akt phosphorylation. Rhes also has been shown to increase Akt phosphorylation in healthy cells.
Additional mechanisms in HD cells (indicated in red), include Akt-mediated phosphorylates and inhibition of mHtt. Furthermore, Ctip2 and IPMK are both impaired by
mHtt. The roles of Rhes in modulating Ctip2 function in healthy and HD cells and the effect of Rhes on Akt in the presence of mHtt remain to be elucidated.

and antibiotics (penicillin and streptomycin). Experiments were performed in
the absence of Geneticin.

Our findings suggest that the IPMK depletion in HD is patho-
genic by dint of diminished PI3-kinase activity with less PIP;
available to activate Akt. Approaches targeting the Ctip2-IPMK

pathway thus may ameliorate neuronal dysfunction in HD Animals. Animals were housed and cared for in accordance with the National

Institutes of Health Guide for the Care and Use of Laboratory Animals (53),
and animal experiments were approved by the Johns Hopkins University
Animal Care and Use Committee (JHU ACUC). Animals were kept on a 12-h
light/dark cycle and were provided food and water ad libitum.

Experimental Procedures

Cell Cultures and Reagents. The immortalized striatal cell lines STHdh?""?” (Q7)
and STHdh®?"'"?""" (Q111) express endogenous wild-type Htt and mHtt with
seven or 111 glutamine repeats, respectively. These cell lines were provided by

M. MacDonald of the Department of Neurology, Massachusetts General Hos- ~ Postmortem Brain Tissues. Striatal tissues from control and HD patients were

pital, Boston. The Q7 and Q111 cells were maintained at 33 °C in DMEM
supplemented with 10% (vol/vol) FBS, 2 mM L-glutamine, 400 pg/mL Geneticin,
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obtained from J. Troncoso and O. Pletnikov (Brain Resource Center, Johns Hopkins
University).
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Stereotaxic Surgery. AAV2 containing either a GFP-only control vector or IPMK was
generated by Vector BioLabs at a titer of 3.1 x 10> genome copies (GC)/mL Three-
week-old male mice were anesthetized using 300 pL Avertin (20 mg/mL solution).
Virus was injected at the following coordinates: anterior (A) —0.8, lateral (L) 2,
ventral (V) -3.5;A-038,L2,V-33;A-08,L2V-3.1,andA-08, L2 V-29fora
total of 4 uL virus in each striatum.

Statistical Analysis. Statistical analysis was performed using Excel software
(Analysis ToolPak). Student's t test and single-factor ANOVA were performed. All
error bars represent + SEM. Significance was determined as P < 0.05.
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