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Inositol pyrophosphates, such as 5-diphosphoinositol pentakisphosphate (IP;), are gen-
erated by a family of inositol hexakisphosphate kinases (IP6Ks), of which IP6K2 has
been implicated in various cellular functions including neuroprotection. Absence of
IPGK2 causes impairment of oxidative phosphorylation regulated by creatine kinase-B.
In the present study, we show that IP6K2 is involved in attenuation of PINK1-mediated
mitochondrial autophagy (mitophagy) in the brain. Up-regulation of dynamin-related
protein (Drp-1), as well as increased expression of mitochondrial biogenesis markers
(PGCl1-a and NREF-1) in the cerebella of IP6K2-deleted mice (IP6K2-knockout), point
to the involvement of IP6K2 in the regulation of mitochondrial fission. Knockdown of
IPGK?2 also leads to augmented glycolysis, potentially as a compensatory mechanism for
decreased mitochondrial respiration. Overexpressing IP6K2 as well as IP6K2-kinase
dead mutant in IP6K2-knockdown N2A cells reverses the expression of mitophagy
markers, demonstrating that IP6K2-induced mitoprotection is catalytically/kinase inde-
pendent. IP6K2 supplementation in K2-PINK1 double-knockdown N2A cells fails to
reverse the expression of the mitophagic marker, LC3-II, indicating that the mitoprotec-
tive effect of IP6K2 is dependent on PINKI. Overall, our study reveals a key neuropro-
tective role of IP6K2 in the prevention of PINK1-mediated mitophagy in the brain.
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Inositol pyrophosphates mediate various cellular and physiological functions, including
regulation of insulin secretion, ATP production, DNA repair, Akt signaling, cell
growth, apoptosis, and cell differentiation (1-5). Diphosphoinositol pentakisphosphate
(IP;) is the most extensively studied inositol pyrophosphate and displays a 5'-
diphosphate (6, 7). IP; is generated in mammals by a family of inositol hexakisphos-
phate kinases (IP6Ks) that exist in three isoforms: IP6K1, IP6K2, and IP6K3 (8, 9).

Functions of the different forms of IP6K vary. IP6K2 was first reported as proapop-
totic and has been implicated in cell death and apoptosis (10). Mice with deleted
IP6K2 are resistant to ionizing radiation and display enhanced tumor formation. Cell
survival mediated by heat-shock protein 90 (hsp-90) involves its binding to IP6K2 for
catalytic inhibition of IP6K2, explaining why mutations blocking this binding activate
IP6K2 to elicit cell death (11). Such cell death associated with activated IP6K2 is pre-
dominately mediated by p53 binding to IP6K2, resulting in decreased expression of
proarrest gene targets, such as the cyclin-dependent kinase inhibitor, p21 (12). Simi-
larly, casein kinase 2, which is up-regulated during tumor formation, elicits cell survival
by phosphorylating and degrading IP6K2 (13). IP6K2 also regulates Purkinje cell mor-
phology and motor coordination via protein 4.1N. Both IP6K2 and 4.1N are highly
expressed in cerebellar granule cells (14). Besides the role of IP6K2 in cell death, inosi-
tol phosphates have also been associated with neuroprotection (15). Earlier, we showed
that IP6K2 interacts with creatine kinase-B (CK-B) and regulates energy homeostasis
(16). IP6K2 loss leads to decreased CK-B expression and reduced ATP levels, as well as
diminished mitochondrial oxygen consumption rate associated with increased oxidative
stress and decreased expression of cytochrome cl of the complex III constituting the
electron transport chain (16).

In the present study, we further assessed the role of IP6K2 in regulating cellular
energy dynamics and mitochondrial functions in the cerebellum. We compared the
mitochondrial morphology and biogenesis in IP6K2-knockout (KO) mice of different
age groups (6, 12, and 24 mo). We report that the absence of IP6K2 leads to an
enhanced expression of mitochondrial fission (dynamin-related protein-1, [Drp-1]) and
biogenesis regulator proteins (peroxisome proliferator-activated receptor-y coactivator
l-a [PGCl-a], nuclear respiratory factor-1 [NRF-1]), as well as mitophagy markers
(PINKI1, Parkin, and LC3-II) compared to the WT. We deployed a real-time Seahorse
bioanalyzer to monitor extracellular acidification rate (ECAR) and proton efflux rate

(PER) in WT and IP6K2-knockdown (KD) N2A cells and found that basal and
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compensatory glycolysis are augmented in K2-KD cells. Enhanced
mitophagy in K2-KD cells was reversed by overexpressing IP6K2
in such cells. The reversal effects of mitophagy were similar in both
IP6K2 and IP6K2-kinase dead-transfected N2A cells, indicating
that the regulation of mitochondrial biogenesis and mitophagy by
IP6K2 is catalytically kinase independent. We also observed no
reversal in mitophagy by overexpressing IP6K2 in K2-PINKI1
double-KD N2A cells indicating the specific mitoprotective role of
IP6K2 in PINK1 mediated mitophagy. Our findings indicate that
IP6K2 is a key regulator of mitochondrial homeostasis and pro-
motes neuroprotection.

Results and Discussion

IP6K2 Deletion Promotes Mitochondrial Fission. In our previ-
ous study, we showed that IP6K2-CK-B interaction regulates
energy homeostasis and mitochondrial functions associated
with neuroprotection in the cerebellum (16). To assess the role
of IP6K2 in regulating mitochondrial biogenesis, we examined
mitochondrial morphology in the cerebella of different age
groups (6, 12, and 24 mo) of WT and IP6K2-KO mice by
transmission electron microscopy (TEM).

The overall mitochondrial morphology in a cell is dynamic
and is controlled by a balance between mitochondrial fission
and fusion. When both these events are balanced, the overall
mitochondrial morphology remains relatively constant. How-
ever, if this balance is disrupted by a relative increase or
decrease in either of the two processes due to any metabolic
stress, the overall mitochondrial morphology can change drasti-
cally. In fusion-deficient cells, fission can lead to dissociation of
mitochondria, with an increase in smaller independent organ-
elles. Conversely, in fission-deficient cells, a relative increase in
fusion elicits an interconnected network of mitochondrial
tubules (17, 18)

In the present study, TEM analysis of WT and K2-KO cere-
bellar tissue sections revealed enhanced mitochondrial fission in
K2-KOs compared to their WT counterparts, manifested as
increased mitochondrial number and decreased mitochondrial
size in the KO. However, the mitochondrial number decreased
with age in both WT and K2-KO cerebellar sections (Fig. 1 A
and B). Mitochondrial number was approximately two-fold
higher in K2-KOs compared to WT at 6 mo of age (Fig. 1B).
The mitochondrial number was significantly higher at a later
age of 24 mo (approximately three-fold) in IP6K2-KOs
(Fig.10). Mitochondria were smaller both in size and area in
KOs compared to the WTs (Fig. 1D). However, the overall
ultrastructure of mitochondria was relatively normal in KOs.
These results indicated higher mitochondrial fission in IP6K2-
KO cerebellum, thereby establishing a role for IP6K2 in the
maintenance of mitochondrial morphology.

IP6K2 Deletion Leads to Enhanced Expression of Mitochondrial
Fission and Biogenesis Regulators, Drp-1, NRF-1, and PGC1-a
and Decreased Expression of the Mitochondrial Fusion Protein,
Mfn-1. Frequent fusion and fission facilitate the exchange of
proteins and metabolites for maintenance of mitochondrial
integrity. Imbalance in this dynamic process impairs mitochon-
drial function and has been implicated in diseases such as can-
cer, diabetes, and several neurodegenerative disorders (19-22).
Mitochondrial fission is known to be up-regulated due to Drpl
activation in several types of tumors (23, 24). To determine
whether IP6K2 also controls Drp-1 regulation, we performed
immunoblotting of WT and IP6K2-KO cerebellar tissue lysates
of different age groups (6, 12, and 24 mo) against Drp-1 and
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mitochondrial fusion (mitofusin-1, Mfn-1) protein regulators
(Fig. 2A). Western blot analysis of Drp-1 indicated an ~3-fold
elevation in IP6K2-KO cerebellar tissue lysates in comparison
to the WT (in 6-mo-old mice) and ~2.3-fold elevation in
IP6K2-KO mice in comparison to WT mice (in 12- and
24-mo old mice) (Fig. 24 and SI Appendix, Fig. S1 A, Al). In
contrast, the mitochondrial fusion protein, Mfn-1, was down-
regulated ~50% (Fig. 24 and SI Appendix, Fig. S1 A, A2). The
increase in mitochondrial number prompted us to examine
mitochondrial biogenesis in IP6K2-KO mice. The key protein
regulators of mitochondrial biogenesis PGC1-a and its down-
stream target NRF-1 were up-regulated by ~2.1-fold and
~3.2-fold, respectively, in IP6K2-KO mice cerebella compared
to their WT counterparts (6-mo old mice) (Fig. 24 and S/
Appendix, Fig. S1 A, A3 and A4).

We also confirmed the protein expression changes of Drp-1,
Mfn-1, PGCl-a, and NRF-1 in WT and K2-KD N2A and
PC-12 cells. The corresponding Western blots are shown in
Fig. 2B and the quantitation of the protein expression change
is shown in SI Appendix, Fig. S1B. The level of depletion of
IP6K2 using short-hairpin RNA (shRNA) in K2-KD N2A and
PC-12 cells are quantified in SI Appendix, Fig. S1C. Immuno-
fluorescence staining of IP6K2- KD N2A cells revealed a stron-
ger staining for Drp-1 in KD cells compared to the WT cells
(Fig. 20). Overall, these results suggest that in absence of
IP6K2, cells adopt selective mitochondrial dynamics that favor
mitochondrial fission over fusion through up-regulation of
Drpl and the mitochondrial biogenesis regulators PGC1-a and
NRE-1 and down-regulation of Mfn1.

Loss of IP6K2 Leads to Increased Glycolytic Capacity. We pre-
viously reported that loss of IP6K2 in the mouse cerebellum led
to mitochondrial dysfunction and decreased ATP production
along with an increase in reactive oxygen species (ROS) and oxi-
dative stress (16). Increased mitochondrial ROS production is
generally observed in pathological conditions characterized by
mitochondrial dysfunction. Increase in ROS is also observed in
multiple types of cancer (e.g., breast, pancreatic, ovarian, prostate,
liver), neurodegenerative diseases (e.g., Alzheimer’s disease and
Parkinson’s disease), as well as in type I and type II diabetes
(25-28). Many of these diseases display enhanced glycolytic activ-
ity and impaired oxidative phosphorylation.

To understand the association between ROS, glucose metab-
olism, and IP6K2 expression, we examined glycolytic function
in WT and IP6K2-KD N2A cells using two distinct Seahorse
extracellular flux assays: a glycolytic stress test assay, which uses
the ECAR as a proxy measure of lactate production, and the
glycolytic rate assay, which uses PER as the measure of lactate.
A schematic for the glycolysis stress test assay is depicted in
Fig. 34, in which basal glycolysis is measured as the increase in
ECAR after addition of glucose and glycolytic capacity is the
further increase in ECAR after inhibition of mitochondrial res-
piration with oligomycin. The glycolytic rate assay, in contrast,
is performed in the presence of glucose from onset, with basal
glycolysis measured as PER prior to inhibition of respiration
with rotenone and antimycin A. IP6K2-KD cells exhibited a
higher rate of basal glycolysis, as well as increased maximal gly-
colytic capacity compared to WT cells, as assessed by both
assays (Fig. 3 Band C).

Quantitative analysis showed an increase in the basal glycoly-
sis and glycolytic capacity by ~4.5 and ~4-fold, respectively, in
K2-KD N2A cells compared to the WT cells (Fig. 3D) using
ECAR, and an increase in compensatory glycolysis by ~3-fold
by measuring PER (Fig. 3E). These findings reveal an interplay
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Fig. 1. IP6K2 deletion leads to increase in mitochondrial fission. Electron microscopic analysis of the cerebellar molecular layer from IP6K2-KO (6, 12 and
24 mo) revealed higher mitochondrial fission compared to the respective WT sections (A and B). However, the ultrastructure of mitochondria in the IP6K2-
KO cerebella was relatively normal. (Scale bars, 500 nm.) (C) Number of mitochondria were two-fold higher in K2-KO cerebellar tissue sections compared to
their WT counterparts at 6 and12 mo age and approximately three-fold higher at 24 mo, whereas the mitochondria were smaller both in size and area in
KO compared to the WT (D). Significant differences are **P < 0.01, *P < 0.05, analyzed by one-way and two-way ANOVA. Data represent mean + SD of n = 6
per age group and 5 different cerebellar sections analyzed per animal. Further details of the experiment are described in Materials and Methods.
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Fig. 2. IP6K2 deletion elicits up-regulation of mitochondrial fission and biogenesis regulators. (A) Western blot analyses of mitochondrial biogenesis regula-
tors (Drp1, Mfn1, PGC1-a, and NRF-1) were performed in cerebellar lysates of WT and IP6K2-KO mice of ages 6, 12, and 24 mo. N2A and PC-12 cells were
transfected with IP6K2 shRNA (for eliciting IP6K2-KD) and protein expression of Drp-1, Mfn-1, PGC1-o, and NRF-1 were assessed in WT and IP6K2- KD cells
using immunoblotting (B), as well as immunofluorescence imaging using a confocal microscope Quantitation of the protein blots in A and B are shown in S/
Appendix, Fig. S1. (C) Alexa-488 secondary antibody (green) was used for immunostaining the depicted mitochondrial fission, fusion, and biogenesis markers

respectively(Drp-1, Mfn-1, PGC1-a and NRF-1). (Scale bar, 20 pm.)

between IP6K2, ROS, and glucose metabolism with increased
glycolysis possibly as a compensatory response to impaired
mitochondrial respiration as observed in our previous study
(16). In other cell types, such as dendritic cells, glycolytic
up-regulation has been demonstrated as a necessary compensa-
tory response to decreased mitochondrial respiration (29)

High glucose levels induce mitochondrial fragmentation in
cells, which is a prerequisite for increased ROS production.
However, mitochondrial fission induced by overexpression of
the fission-promoting protein, Drpl, does not stimulate ROS
levels (30, 31).

Based on our findings, we speculate that fragmented mito-
chondria produced in IP6K2-KO cerebella produce more ROS,
probably due to a relatively higher surface area that allows better
uptake of metabolic substrates as compared to WTs. In addition,
due to higher glycolytic capacity in IP6K2-KD N2A cells, there
is an increased glycolytic conversion to pyruvate. An impaired
complex III of the electron transport chain also leads to an
increase in oxidative stress in N2A cells deficient in IP6K2 (16),
suggesting that increased ROS levels may not be causally associ-
ated with the observed mitochondrial fission in our study.
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Loss of IP6K2 Leads to Kinase-Independent Mitophagy that Is
Reversed by Restoring IP6K2 Levels in Cells. The autophagic
elimination of mitochondria or mitophagy is closely linked to
mitochondrial fission. Mitophagy can be prevented by a
dominant-negative mutant of Drpl, suggesting that fission is
required for mobilizing such cellular degeneration (32). Damaged
mitochondria undergo selective mitophagy (33), which is also con-
sistent with the fission event as it elicits quality control by segregat-
ing the damaged mitochondria and eliminating them through
autophagy. Mitophagy is usually regulated by one of the following
three pathways: FUNDCI, BNIP3/NIP3-Nix pathway (hypoxia-
induced), or PINK1/Parkin mediated pathway (non-hypoxia
induced) (34). To examine the precise role of mitophagy regulators,
we determined the protein expressions of prominent mitophagy
markers of these three pathways controlling mitochondrial health:
BNIP3, BNIP3-Nix, PINK1, NDP52, SQSTM1/p62, Parkin, and
optineurin in WT, and K2-KD N2A cell lysates. We found no sig-
nificant change in protein expression in BNIP3, BNIP3/Nix,
NDP52, and optineurin. However, there was an increase of ~2-
fold in SQSTM1/p62 and ~2.5-fold in PINK1, Parkin expression
in K2-KD N2A cells compared to the WT cells (Fig. 4 Aand B).
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Fig. 3. Functional characterization of glycolysis in IP6K2-KD N2Acells. (A) Schematic representation of real-time glycolysis. ECAR analysis starts from basal
ECAR, in which the cells are incubated in glucose-free media followed by the addition of glucose (for induction of glycolysis), oligomycin (for induction of
maximal cell glycolysis and complex V inhibition), and 2-DG (for inhibition of glycolysis). Glycolytic rate (glycolysis induction subtracted for basal ECAR) is
derived from the ECAR curve. (B) Glycolytic function was measured as ECAR using a Seahorse extracellular flux analyzer in WT and K2-KD cells. (C) Glycolytic
rate was measured in WT and K2-KD cells to determine the glycoPER. (D) Quantitative estimation of glycolytic function and (E) glycolytic rate was measured
as basal ECAR levels, glycolytic capacity, basal glycoPER, and compensatory glycolysis. Data are based on multiple t-tests analysis with false-discovery rate
testing and are representative of a minimum of 8 replicates per group. **P < 0.01, *P < 0.05.

Under nonhypoxic conditions, the mitochondrial quality = and degradation by the protease PARL. When mitochondria
control is governed majorly by two protein factors: PINK1 and ~ become uncoupled, protein import to the inner mitochondrial
Parkin. PINK1 is constitutively repressed in healthy mitochon- ~ membrane is prevented so PINK1 is diverted from PARL and
dria through import into the inner mitochondrial membrane  accumulates on the outer mitochondrial membrane. This acts as
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a sensor for mitochondrial damage that distinguishes impaired
mitochondria from healthy ones. PINKI recruits the E3-ligase
Parkin specifically on impaired mitochondria. Parkin then ubiqui-
tinates outermitochondrial membrane proteins and induces auto-
phagic elimination of the flagged mitochondrion (35).

To assess the precise role of mitophagy in the observed mito-
chondrial changes triggered by the absence of IP6K2 in the
cerebella of mice of different age groups, we analyzed the
expression levels of the mitophagy markers PINK1, Parkin, and
LC3-II in the cerebella of 6-, 12-, and 24-mo-old mice. Levels
of PINKI, Parkin, and LC3-II were significantly elevated in
the cerebellar tissue lysates from IP6K2-KO mice. Protein
expression of PINK1 and Parkin was respectively elevated
~2-fold and ~2.5-fold in 6-mo-old KO mice. However, the
expression of Parkin but not PINKI proteins was reduced with
age in 6-, 12-, and 24-mo mice in KOs compared to their
respective WTs. LC3-II was up-regulated to ~1.5-fold and
1.8-fold in IP6K2-KO cerebella in 12- and 24-mo-old mice,
respectively, compared to their WT counterparts (Fig. 40).
Data are quantified and represented in the graphs depicted in
SI Appendix, Fig. S2. Autophagic vacuoles seen during mitoph-
agy were also observed in the cerebellar tissue section of
K2-KOs of 24-mo-old mice. The TEM images are shown in S/
Appendix, Fig. S3.

To further analyze whether the kinase activity of IP6K2 is
involved in regulating mitophagy, we transfected IP6K2 and
IP6K2 kinase dead mutant (K222A) into N2A cells. Cell lysates
were subsequently blotted with antibodies against the mitoph-
agy markers PINKI1, Parkin, and LC3-II (Fig. 4D). We
observed an ~35% reversal in PINKI expression, ~55% rever-
sal in Parkin, and ~35% reversal in LC3-II expression in cells
transfected with K2 (K2-R) and K222A K2 (K222A-R) (kinase
dead) (Fig. 4E). These observations imply that regulation of
mitophagy by IP6K2 does not depend on its kinase activity.

As we observed changes in protein expression for PINKI,
Parkin, and SQSTM/p62 in N2A cells lacking IP6K2 (Fig. 4 A
and B), we used K2-PINKI and K2-SQSTM1/p62 double-KD
cells to further understand whether K2 directly regulates
mitophagy through PINK1/Parkin or SQSTM1/p62 (Fig. 4F).
We transfected K2-PINK1 and K2-SQSTM1/p62 double-KD
cells with full-length IP6K2. We observed a decrease in LC3-I1
expression in SQSTM1/p62-KD cells on overexpressing K2
but not in the cells in which PINK1 was knocked down. This
indicates that K2-mediated mitoprotection is regulated through
PINKI1, leading us to suggest that IP6K2 directly controls the
PINK1/Parkin mitophagy pathway. We also observed an
increase (~27%) in the glycolytic assay in PINK1-KD cells as
compared to WT (8] Appendix, Fig. S4). Overall, our observa-
tions indicate that IP6K2 plays a critical neuroprotective role
by regulating mitophagy and mitochondrial morphology by
suppressing PINKI expression. Deciphering the precise mecha-
nism by which IP6K2 influences the expression of PINKI1
while manifesting its mitoprotective role would admittedly
require further investigation.

In summary, our study reveals that cells and animals lacking
IP6K2 adopt an upregulation of mitophagy and mitochondrial
biogenesis during the selective dynamics favoring mitochondrial
fission (Figs. 1 and 2). Moreover, with upregulation of mito-
chondrial fission, augmented mitophagy and glycolytic capacity
was observed in IP6K2-deleted cells and animals (Figs. 3 and 4).

Fission segregates damaged mitochondria to preserve the
health of the mitochondrial network, in addition to regulating
morphology and facilitating mitochondrial trafficking and
mitophagy. The dynamic mitochondrial fusion and fission cycle
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balances two competing processes: compensation for damage
by fusion and elimination of damage by fission. Failure of these
stress responses may lead to neuronal death and neurodegenera-
tive disorders. It is noteworthy that the mitochondrial fission
pathway via Drp-1 is regulated by IP6K2. Because a basal mito-
chondrial function is required for cells with higher glycolysis, as
well as increased ROS and oxidative stress, up-regulation of
PGCl-a and NRF-1-mediated mitochondrial biogenesis may
play critical roles in meeting such a requirement, particularly in
the case of augmented mitochondrial turnover (mitophagy) reg-
ulated by Drp-1 and IP6K2. Thus, our study indicates that
IP6K2 regulates mitoprotection by suppressing PINK1 expres-
sion and attenuating the PINKI/Parkin-mediated mitophagy
pathway.

These findings highlight the importance of considering both
mitochondrial biogenesis and mitophagy for the effective treat-
ment of neurodegenerative diseases mediated by mitochondrial
dysfunction and enhanced oxidative stress. Thus, in-depth
understanding of the underlying mitophagic processes may
facilitate the development of more effective treatments for
mitochondrial and neurodegenerative diseases.

Materials and Methods

Reagents. Anti-IP6K2 antibody was purchased from Sigma-Aldrich. Antibodies
against Drp-1, PGC1-a, NRF-1, PINK1, Parkin, SQSTM1, LC3-Il, and mitophagy
markers kit were procured from Cell Signaling Technologies. Alexa Fluor-488
goat anti-rabbit and anti-mouse antibodies were purchased from Life Technolo-
gies. IP6K2 shRNA, PINK1 shRNA, SQSTM1/p62 shRNA, and control shRNA plas-
mids were procured from Santa Cruz Biotechnology.

Animals. Both male and female C57BL/6 WT and IP6K2-KO mice of 6, 12, and
24 mo of age were used for animal-based experiments. Animal breeding and
procedures were conducted in strict accordance with the NIH Guide for the Care
and Use of Laboratory Animals (36). Animal experiments were approved by the
Johns Hopkins University Animal Care and Use Committee. Animals were kept
on a 12-h light/dark cycle and were provided food and water ad libitum.

Transmission Electron Microscopy. Mice were perfused with 2% glutaralde-
hyde and 2% paraformaldehyde in 0.1 M sodium cacodylate buffer with 3 mM
magnesium chloride, followed by dissection, and buffer rinses in 0.1 M sodium
cacodylate. Secondary fixation was done with 2% osmium in 0.1 M sodium caco-
dylate reduced with 1.6% potassium ferrocyanide for 2 h at 4 °C, followed by
water rinses, en bloc staining with 2% uranyl acetate (ag.), and then dehydration
with a graded series of ethanol before embedding in EPON resin. Regions of
interest were identified with semi-thin (0.3 um) sections stained with Toluidine
blue, and the ultrathin sections (70 to 90 nm) were collected on formvar coated
2 x 1-mm copper slot grids and stained with uranyl acetate (2%) and lead citrate
(0.3%). Samples were imaged on a Hitachi 7600 TEM at 80 kV with an AMT
XR80 CCD (8 megapixel, 16-bit camera). Mitochondria were counted from at
least six different fields of view.

Cell Culture and Transfection Conditions. N2A neuronal cells were grown
in a humid atmosphere of 5% CO, at 37 °C in DMEM supplemented with 10%
FBS, L-glutamine (2 mM), penicillin (100 U/mL), and streptomycin (100 pg/mL).
Cells were transfected using Lipofectamine LTX and incubated for 10 to 12 h
before the transfection medium was replaced with a serum-containing medium.
Cells were transfected with full-length IP6K2 as well as a mutant form of IP6K2
wherein lysine-222 is transformed to alanine (K222A). K222A lacks catalytic
kinase activity (9).

Immunofluorescence Staining and Confocal Microscopy. For immunoflu-
orescence staining of N2A cells, cells were grown in chamber slides, fixed using
4% paraformaldehyde, and permeabilized by incubation with 0.01% Triton
X-100 at 4 °C for 5 min (37). Nonspecific sites were then blocked by incubation
with 5% goat serum. Subsequently, the cells were incubated with the primary
antibodies (1:100) overnight in a humid chamber following which the cells were
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Fig. 4. IP6K2 induced mitoprotection is kinase independent and suppresses PINK1-mediated mitophagy pathway. (A) Protein expressions of different mito-
phagic factors (BNIP3, BNIP3/Nix, PINK1, NDP52, SQSTM1/p62, Parkin, and optineurin) were determined through Western blot analyses of cell lysates of WT
and K2-KD N2A cells. (B) Quantitative analysis of the protein expressions in A. (C) Analysis of mitophagy regulators in cerebellar lysates of WT and K2-KO
mice of 6, 12, and 24 mo through protein expression assessment of PINK1, Parkin, LC3-Il using Western blotting. Data are quantified and represented in the
graphs depicted in S/ Appendix, Fig. S2. (D) Full-length IP6K2 (K2) and IP6K2 kinase dead mutant (K222A) were transfected into K2-KD N2A cells. Representa-
tive immunoblots of the lysates from WT, K2-KD, and N2A cells transfected with K2 (K2-R) and K222A cells (K222A-R) were blotted against PINK1, Parkin, LC3-
Il antibodies. Immunoblot protein bands are quantified in E. (F) Full-length K2 was transfected in K2-SQSTM1/p62 and K2-PINK1 double-KD cells. Cell lysates
from K2-KD cells, K2-SQSTM1/p62 double-KD cells, K2-PINK1 double-KD cells, and K2 supplemented SQSTM1/p62 and PINK1 cells were immunoblotted
against LC3-Il. The corresponding Western blot, as well as the quantitative analysis of protein bands, are depicted in F. (G) Scheme of IP6K2-mediated
mitophagy regulation. Data are presented as mean + SD and are representative of three independent experiments performed under identical conditions.
Significant differences are **P < 0.01, *P < 0.05, analyzed by one-way ANOVA. Further details of the experiment are described in Materials and Methods.
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stained with respective fluorescent secondary antibodies (1:300). Nuclei were
counterstained with DAPI. Images were captured and analyzed using a confocal
microscope (LSM 700, Zeiss).

Immunoblotting. Cells and cerebellar tissues were lysed by sonication in lysis
buffer supplemented with protease inhibitors. Protein concentrations were mea-
sured by Bradford assay (Bio-Rad). Lysates were mixed with SDS sample buffer,
boiled, and resolved by SDS/PAGE. Bands were transferred to PVDF Immobilon
membranes (Millipore) using a wet transfer. Membranes were blocked in TBS-T
containing 1% BSA, and probed overnight at 4 °C with primary antibody and
thereafter with HRP-conjugated secondary antibodies (GE Healthcare-Amersham)
for 110 2 h. The immunoblots were washed and visualized using the ImmunoC-
ruz luminol reagent (Santa Cruz Biotechnology) followed by film exposure.
Quantification of digitally scanned immunoblots was performed by densitometry
analysis using ImageJ software.

Seahorse Extracellular Flux Analyzer Assay for Glycolysis. WT and K2-KD
N2A cells were harvested and seeded directly into Seahorse XF96 cell culture
microplates. After overnight culture, the medium was removed, and cells were
washed once with sterile PBS and fresh MEM-complete medium was added.
After 18 to 24 h at 37°C, the medium was changed to Seahorse XF assay
medium (glucose-free for glycolysis stress test assay) containing 2 mM gluta-
mine (pH adjusted to 7.4 and sterile-filtered), and cells were kept at 37°Ciin a
CO,-free incubator for an additional 45 min to 1 h before the assay. The ECAR
was measured using a Seahorse XFe96 Analyzer. Sensor cartridges were
pre-hydrated in XF calibrant solution overnight in a CO,-free incubator. For the
glycolysis stress test assay, ports were loaded with glucose (Port A), oligomycin
(Port B), and 2-deoxyglucose (2-DG) (Port C) to achieve concentrations of
10 mM, 1 uM, and 50 mM, respectively, after injection. Three measurements
were obtained prior to each port injection, and after injection of Port C, with a
measurement loop of 1-min mix, 2-min wait, and 3-min measure. Data were
analyzed using the XF Glycolysis Stress Test Report Generator. For the glycolytic
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rate assay, the medium was supplemented with 5 mM glucose, 2 mM gluta-
mine, 1 mM sodium pyruvate, pH 7.4. Then, ECAR and oxygen consumption
rate were recorded using the Seahorse XF24e analyzer, following injections with
4 uM Rotenone/Antimycin A and 50 mM 2-DG, respectively. The PER, glycoPER,
basal glycolysis, and compensatory glycolysis were calculated from this assay.
Al assay results were analyzed using the Wave program 2.3.0 (Agilent
Technologies).

Image Quantification and Statistical Analysis. Images were quantified
with ImageJ software. For Western blots, the expression changes of the proteins
were evaluated by normalizing their recorded band intensities against their
input band (B-actin). Data are presented as the mean + SD from at least three
independent experiments conducted under similar conditions. The P values
were calculated by one-way or two-way ANOVA.

Data Availability. All study data are included in the main text and S/ Appendix.
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