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Fig. 6. PTPMT1 depletion from the mitochondria reprograms cellular metabolism by limiting mitochondrial pyruvate utilization. (A and B) Neurospheres derived 
from PTPMT1+/+/Nestin-Cre+ and PTPMT1fl/fl/Nestin-Cre+ mice (n = 3 mice per group) were dissociated into single cells. OCR (A) and ECAR (B) of these live cells in the medi-
um containing all metabolic substrates were measured. Representative results are shown. (C to F) Mitochondria were isolated from adult brains dissected from PTPMT1fl/fl/
CAG-Cre+-Esr mice and PTPMT1+/+/CAG-Cre+-Esr littermates (n = 3 mice per group) 10 days following tamoxifen administration. Oxygen consumption of the mitochondria 
was measured in the presence of pyruvate/malate (C), palmitoyl-CoA/carnitine/malate (D), glutamate/malate (E), or succinate (F), following the addition of ADP, 
oligomycin, FCCP, and rotenone. Representative results are shown. (G to I) Pyruvate and -ketoglutarate levels in the lysates of the neurosphere cells derived from 
PTPMT1+/+/Nestin-Cre+ and PTPMT1fl/fl/Nestin-Cre+ mice (n = 3 mice per group) or in the lysates of the mitochondria isolated from the cerebella of adult PTPMT1fl/fl/
CAG-Cre+-Esr mice and PTPMT1+/+/CAG-Cre+-Esr littermates (n = 3 mice per group) 10 days following tamoxifen administration were measured. (J and K) Mitochondria 
were isolated from the cerebella freshly dissected from adult PTPMT1fl/fl/CAG-Cre-Esr+ and PTPMT1+/+/CAG-Cre-Esr+ mice (n = 3 mice per group) as above. After being 
washed three times in mitochondrial assay solution (MAS) buffer, mitochondria were incubated with pyruvate/malate (5 mM) and ADP (4 mM) in a non-CO2 incubator. 
Five minutes later, mitochondria were collected, washed, and lysed. (J) -Ketoglutarate levels in the mitochondrial lysates were measured. (K) PDH activities in the mito-
chondrial lysates were determined with a PDH assay kit following the manufacturer’s instructions. (L) Neurospheres derived from PTPMT1fl/fl/Nestin-Cre+ and PTPMT1+/+/
Nestin-Cre+ mice (n = 3 mice per group) were dissociated into single cells. These cells were treated with the MPC inhibitor UK5099 (25 nM) or vehicle for 20 min. OCRs of 
the cells in the presence of all metabolic substrates were then measured as described above. Statistical analysis results between UK5099-treated and vehicle-treated 
PTPMT1+/+/Nestin-Cre+ cells are shown. (M to O) Cerebral cortices dissected from PTPMT1fl/fl/Nestin-Cre+ and PTPMT1+/+/Nestin-Cre+ mice (n = 3 per group) were assessed 
by the neurosphere assay in the presence of the MPC inhibitor UK5099 at the indicated concentrations (M), methyl pyruvate (20 mM), dimethyl -ketoglutarate (6 mM) 
(N), or the PIKfyve inhibitor (YM201636) at the indicated concentrations (O). Neurospheres derived were counted after 7 days of culture.
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(31) that is responsible for the generation of PI(3,5)P2. As shown 
in Fig. 6O, inhibition of PI(3,5)P2 production largely restored the 
neurosphere-forming capabilities of PTPMT1 knockout NSPCs. 
These rescue data reaffirm that the functional defects of PTPMT1 
knockout neural precursor/stem cells are likely caused by excess 
PIPs in the mitochondria.

DISCUSSION
The understanding of the cellular and molecular mechanisms govern-
ing the development and maintenance of the central nervous 
system remains incomplete. Dysregulation of these mechanisms is 
associated with its developmental disorders, degenerative diseases, 
and cancer. Here, we demonstrate that the mitochondrial phospha-
tase PTPMT1 plays a critical role in the development of the central 
nervous system, especially the cerebellum. Deletion of PTPMT1 in 
neural precursor cells completely blocked cerebellar development at 
the perinatal stage, and cerebral development was also significantly 
compromised. Further mechanistic analyses showed that ablation 
of PTPMT1 decreased mitochondrial aerobic metabolism due to 
reduction in the utilization of the master metabolic substrate pyru-
vate (a key metabolite of glucose). This work reveals an essential role 
of PTPMT1 in coordinating mitochondrial metabolism and glycolysis 
in brain development and that mitochondrial oxidation of the carbo-
hydrate fuel is required for neural precursor/stem cell function.

One of the interesting findings in this study is that different cell 
populations in the cerebellum have remarkably distinct reliance on 
optimal mitochondrial metabolism for cellular functions. Cerebellar 
development involves several cell populations, and cellular activities 
in the developing cerebellum are extremely dynamic. Cell type 
specification of precursor cells, rapid cell proliferation, and cell 
migration/patterning occur during cerebellar development, which 
are thought to require tremendous energy supply and robust bio-
synthesis. Glucose is the most important metabolic substrate for the 
brain (2), and previous studies have shown that astrocytes generally 
exhibit much higher glycolytic flux than neurons (5, 6). The glucose 
transport capacity and glycolytic rate of BG (specialized astroglial 
cells) are several-fold higher than those of PCs (32), although PCs 
are estimated to spend more energy than BG. Unexpectedly, we 
found that proliferation of GCPs, the most actively replicating neu-
rons in the developing cerebellum, was only moderately reduced and 
that PCP proliferation did not seem to be affected by PTPMT1 de-
pletion, which impaired mitochondrial metabolism of glucose but 
enhanced cytosolic glycolysis (Fig. 6, A and C). PC-specific, GC-
specific, and PC/GC double PTPMT1 knockout mice displayed only 
mild-to-moderate developmental defects in the cerebellum, and de-
pletion of PTPMT1 from perinatal and adult cerebella produced only 
minimal transient pathological effects (Figs. 2, A to G, and 4D). In 
contrast, multipotent precursor cells (RG) were much more severely 
affected in PTPMT1fl/fl/Nestin-Cre+ mice. RG differentiation into BG 
was essentially blocked in microexplant culture (Fig. 3E), and correctly 
localized BG with radial fibers were undetectable in PTPMT1 
knockout postnatal cerebella (Fig. 3, A to D). Moreover, self-renewal 
of PTPMT1-depleted NSPCs was severely impaired, and they under-
went pronounced senescence (Fig. 5A and fig. S5A). The differen-
tial responses of multipotent precursor/stem cells and PCs/GCs to 
the same metabolic changes caused by loss of PTPMT1 suggest that 
neural precursor/stem cells rely more on efficient mitochondrial 
metabolism of glucose than on progenitors and mature cells.

PTPMT1 knockout PCPs, GCPs, and mature neural cells toler-
ated well the reprogrammed cellular metabolism caused by PTPMT1 
deficiency. This was partly because reduction of pyruvate oxidation 
in the mitochondria and accumulation of pyruvate in the cytosol in 
PTPMT1 knockout cells might be actually beneficial for the bio
synthesis required for these progenitor cell proliferation, and com-
pensatorily increased utilization of alternative fuels (fatty acids and 
glutamate) in PTPMT1-depleted mitochondria (Fig. 6, D and E) 
might be sufficient for energy production. In addition, progenitors 
and mature cells appear to be more flexible than immature precursor/
stem cells in activating alternative energy production pathways in 
response to the energy stress. Steady-state cellular ATP levels were 
well maintained in the whole-cortex cell population in PTPMT1 knock-
out mice (fig. S8B), whereas ATP levels in knockout NSPCs were 
decreased by half (Fig. 5F and fig. S7B).

Another interesting finding in this report is that mitochondrial 
metabolism in PTPMT1-depleted NSPCs was only moderately per-
turbed, but cellular responses (cell cycle arrest and senescence) were 
rather profound. This phenomenon is reminiscent of conditions 
involving nuclear DNA damage or mitotic spindle assembly check-
points, in which a single double-strand DNA break or misalignment 
of a single chromosome causes complete cell cycle arrest. Because 
the energy stress sensor AMPK was highly activated in PTPMT1 
knockout cells (Fig. 5, H and I), it is likely that the bioenergetic stress 
signal elicited by PTPMT1 ablation was sensed and propagated by a 
cascade of events, including hyperactivation of AMPK and robust 
up-regulation of cyclin-dependent kinase inhibitors p19/p21/p16, 
leading to the amplified cellular consequences (Fig. 5, A to D, and 
fig. S5, A to D). The observation that multipotent RG and NSPCs 
were much more sensitive and responsive than PCPs, GCPs, and 
mature neural cells to the same metabolic alterations suggests that 
the bioenergetic/metabolic stress–activated cell cycle checkpoint is 
specific for early precursor and stem cells, but not intermediate pro-
genitors or mature cells.

Mechanistically, loss of PTPMT1 appears to decrease mitochon-
drial aerobic metabolism and cause bioenergetic/metabolic stress by 
limiting utilization/uptake of pyruvate. This notion is supported by 
the fact that ATP synthesis–driven oxygen consumption in PTPMT1-
depleted mitochondria markedly decreased when pyruvate was pro-
vided as an exclusive fuel source, whereas oxygen consumption of 
these same mitochondria increased when fatty acids or glutamate 
was supplied as the substrate (Fig. 6, C to E). Moreover, levels of 
pyruvate and -ketoglutarate in the mitochondria decreased by half 
(Fig. 6, H and I), while pyruvate in the cytosol increased in PTPMT1 
knockout cells (Fig. 6G). Acute production of -ketoglutarate from 
extramitochondrial pyruvate in PTPMT1-depleted mitochondria 
was significantly lower than that in control mitochondria (Fig. 6J). 
In addition, the observations that PTPMT1 deficiency and MPC 
inhibition produced similar effects on mitochondrial metabolism 
(Fig. 6L) and that methyl pyruvate and dimethyl -ketoglutarate 
partially rescued PTPMT1 knockout NSPC self-renewal (Fig. 6N) 
also support that mitochondrial utilization/uptake of pyruvate was 
diminished in PTPMT1-depleted cells.

Nevertheless, it remains to be determined how PTPMT1 deficiency 
reduces mitochondrial uptake of pyruvate. PTPMT1 is localized to 
the inner membrane of the mitochondria where pyruvate trans-
porters also reside. This phosphatase primarily dephosphorylates 
PIPs (17, 18). Our previous studies have shown that PIPs directly 
promote fatty acid–induced activation of uncoupling protein 2 
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(UCP2) (20), a C4 metabolite transporter whose elevated activity 
inhibits mitochondrial metabolism but enhances cytosolic gly-
colysis (33–35). It is possible that PTPMT1 facilitates mitochon-
drial metabolism by inhibiting UCP2. Accordingly, depletion of 
PTPMT1 leads to buildup of downstream PIP substrates in the 
mitochondria, which, in turn, enhance UCP2 function and thereby 
critically alter cellular metabolic activities. Inhibition of PI(3,5)P2 
(the major PIP substrate of PTPMT1) production by a selective 
inhibitor of the upstream type III PIP kinase PIKfyve largely res-
cued the NSPC defects caused by PTPMT1 deficiency (Fig. 6O). 
Another possibility is that accumulated PIPs might directly in-
hibit MPCs. Further studies are required to investigate how hyper-
activation of UCP2 inhibits mitochondrial uptake/transportation 
of pyruvate and whether PIPs might physically and functionally 
interact with MPCs.

MATERIALS AND METHODS
Mice
PTPMT1fl/+ mice were generated in our previous study (20). Nestin-
Cre+ (21), Nestin-Cre+-Esr1 (25), PCP2-Cre+ (22), Atoh1-Cre+ (23), 
CAG-Cre+-Esr (24), and p53+/− (36) mice were purchased from the 
Jackson Laboratory. Mice of the same age, sex, and genotype were 
mixed and then randomly grouped for subsequent analyses (in-
vestigators were not blinded). All mice were kept under specific 
pathogen–free conditions in Division of Animal Resources at Emory 
University. All animal procedures complied with the National 
Institutes of Health Guide for the Care and Use of Laboratory 
Animals and were approved by the Institutional Animal Care and 
Use Committee.

Immunohistochemistry and immunofluorescence staining
Paraffin-embedded tissue sections were prepared at a thickness of 
5 m. Sections were dewaxed, rehydrated, and heated in antigen 
unmasking buffer [10 mM citric acid and 0.05% Tween 20 (pH 6.0)], 
followed by incubation in 3% H2O2 in methanol for 10 min to abolish 
endogenous peroxidases. After blocking sections with 10% normal 
goat serum (NGS) in tris-buffered saline (TBS) for 30 min, primary 
antibodies were applied for 16 hours at 4°C. Sections were then 
rinsed in 1% NGS in TBS, followed by incubation in 10% NGS for 
10 min. For fluorescent signals of immunoreactivity, fluorescein 
isothiocyanate (FITC)– or phycoerythrin-conjugated secondary 
antibodies were used and counterstained with DAPI. Sections were 
mounted with Fluoromount-G.

In situ hybridization
Mouse brains were fixed with 4% paraformaldehyde (PFA), embedded 
in optimal cutting temperature (OCT) compound, and cryosectioned 
at a thickness of 10 m. Sections were postfixed in 4% PFA/phosphate-
buffered saline (PBS), acetylated, and incubated for 1 hour at room 
temperature in prehybridization buffer [50% formamide, 5× SSC, 1× 
Denhardt’s solution, yeast transfer RNA (tRNA; 250 g/ml), and 
herring sperm DNA (500 g/ml)]. Sections were hybridized over-
night at 65°C in hybridization buffer [50% deionized formamide, 
1× Denhardt’s solution, 300 mM NaCl, 20 mM tris-HCl (pH 8.0), 
5 mM EDTA, 10 mM Na2HPO4 (pH 7.4), 10% dextran sulfate, and 
yeast tRNA (0.5 mg/ml)] containing DIG–uridine 5′-triphosphate–
labeled probes for Lhx1 and Math1. Probes were synthesized using 
a DIG labeling kit (Roche, Indianapolis, IN) according to the manu-

facturer’s protocol. After hybridization, sections were incubated 
overnight at 4°C with an antibody against DIG that was conjugated 
with alkaline phosphatase (Roche, Indianapolis, IN). Bound probe was 
visualized by incubating slides in bromochloroindolyl phosphate–
nitro blue tetrazolium (BCIP-NBT) at 4°C for several hours to several 
days in the dark. Coverslips were mounted with glycerol or mounting 
media.

Isolation of PCs and GCPs
Cerebella dissected from mice at P4 were minced and incubated in 
PBS containing 0.25% trypsin and 0.1% deoxyribonuclease at 37°C 
for 20 min. Trypsin was inactivated by addition of Dulbecco’s modi-
fied Eagle’s medium (DMEM) containing 10% fetal bovine serum 
(FBS). Cells were collected, resuspended in PBS, and then frac-
tionated by two-layer Percoll gradient (35% Percoll and 65% Percoll 
in PBS) centrifugation. Astroglial cells were collected from the top 
of the gradient. PCs were collected from the upper interface of the 
gradient. GCPs were harvested from the 35%/65% interface of the 
Percoll gradient. These cells were washed in DMEM containing 10% 
FBS for subsequent experiments.

Isolation of NSPCs from the cerebellum
Cerebella were dissected in ice-cold PBS from P4 pups. After 
meninges were removed, cerebella were minced and incubated in 
PBS containing 0.25% trypsin and 0.1% deoxyribonuclease at 37°C 
for 20 min. Trypsin was inactivated by incubation with DMEM con-
taining 10% FBS and penicillin (100 U/ml)–streptomycin (100 g/ml) 
(PS). The mixture was passed through a cell strainer to remove de-
bris and centrifuged at 3000 rpm for 5 min. The stem cell–enriched 
cell population was purified by sorting cells that expressed prominin-1 
(CD133) and lacked the lineage markers CD44 (astrocyte progen-
itor marker), CD140 (oligodendrocyte progenitor marker), and 
PSA-NCAM (neuronal progenitor marker). Prominin-1+Lin− cells 
were cultured in B27/neurobasal medium supplemented with basic 
fibroblast growth factor (bFGF; 20 ng/ml), epidermal growth factor 
(EGF; 20 ng/ml), 2 mM l-glutamine, and PS.

The neurosphere assay
The neurosphere assay was performed to determine self-renewal 
capacity in NSPCs. NSPC-containing cerebral cortices dissected from 
E14.5 embryos were dissociated into single cells by trypsinization 
and mechanical dissociation. These cells or prominin-1+Lin− cells 
freshly sorted from P4 cerebella were suspended and maintained in 
B27/neurobasal medium supplemented with bFGF (20 ng/ml), EGF 
(20 ng/ml), 1 mM l-glutamine, and PS in 96-well plates at a density of 
1000 cells/200 l per well. After 7 days of incubation, neurospheres 
formed in the culture were counted under an optical microscope, 
and a minimum of 10 wells were counted. For the secondary neuro-
sphere assay, primary neurospheres were collected and dissociated 
into a single-cell suspension and reseeded as above. Secondary neuro-
spheres derived were enumerated 7 days later.

Apoptosis and cell cycle analyses
Neurospheres derived from cerebral cortices were harvested and 
dissociated into single cells. These cells or prominin-1+Lin− cells 
freshly isolated from cerebella at P4 were stained with annexin 
V–FITC and 7-amino-actinomycin D (7-AAD) using Annexin 
V–FITC Apoptosis Detection Kit I (BD Biosciences). Percentages 
of the annexin V–positive (early apoptotic cells) and annexin 

 on O
ctober 16, 2018

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

http://advances.sciencemag.org/


Zheng et al., Sci. Adv. 2018; 4 : eaat2681     10 October 2018

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

13 of 14

V/7-AAD double-positive cells (late apoptotic cells) were quantified 
by FACS. Neurosphere cells or prominin-1+Lin− cells freshly isolated 
from cerebella at P4 were fixed at 4°C overnight and then stained 
with FITC-labeled anti-Ki67 antibody followed by Hoechst 33342 
(20 g/ml) staining. Percentages of the cells in G0, G1, and S-G2-M 
phases were determined by FACS.

Neuronal and astroglial differentiation of NSPCs
Neurospheres (enriched with cerebral NSPCs) derived from E14.5 
cerebral cortices were dissociated into single cells. These cells were 
seeded at 20,000 cells/ml onto coverslips precoated with poly-d-lysine 
(0.1 mg/ml) in serum-free B27/neurobasal medium with no growth 
factors. Cells were incubated in this adhesion culture for 5 days to 
allow neuronal differentiation. FBS (2%) was added on day 5 to 
enhance neuronal differentiation and astroglial differentiation. 
Differentiated cells were examined by immunofluorescence staining 
2 days later (day 7).

Cerebellar microexplant culture
Cerebellar microexplants were cultured as previously described 
(37). P0 or E17.5 cerebella were stripped of meninges and deep cere-
bellar nuclei, and the remaining cortical tissues were minced and 
suspended in PBS. Explants were placed, pial surface uppermost, 
on the surface of millicell cell culture inserts (pore size, 0.4 m; 
MilliporeSigma) on sterile medium (B27/neurobasal medium sup-
plemented with 1 mM l-glutamine and PS) in culture dishes for 
3 days. Tissues were fixed in 4% PFA in PBS for 1 day and then 
processed for immunofluorescence staining.

Measurement of cellular respiration, extracellular 
acidification, ATP, and ROS levels
Measurement of respiration of living cells with full access to all meta
bolic substrates was performed using a Seahorse XF24 analyzer (20). 
Respiration (OCR) was measured under basal conditions in the pres-
ence of the mitochondrial inhibitor oligomycin (1.2 M), the mito-
chondrial uncoupling compound FCCP (5 M), and the respiratory 
chain inhibitor rotenone (1 M). Glycolytic activities were measured 
simultaneously using the same instrument based on the ECAR. To-
tal cellular ATP levels were assessed using an ATP bioluminescent 
somatic cell assay kit (Sigma-Aldrich, St. Louis, MO), following the 
instructions provided by the manufacturer. To measure cellular ROS 
levels, cells were loaded with 2′-7′-dichlorofluorescein diacetate 
(5 M) at 37°C for 15 min. ROS (H2O2) levels were then determined 
by FACS.

Measurement of respiration in isolated mitochondria
Mitochondria were freshly isolated from brains. Respiration of mito-
chondria was measured using a Seahorse XF24 analyzer as previously 
described (38). Mitochondria (10 g of protein) were plated in each 
well of an XF24 plate in 50 l of 1× MAS (pH 7.4; 70 mM sucrose, 
220 mM mannitol, 5 mM KH2PO4, 5 mM MgCl2, 2 mM Hepes, 1 mM 
EGTA, and 0.2% fatty acid–free bovine serum albumin). XF24 plates 
were centrifuged at 4°C for 20 min at 2000g, and then 450 l of MAS 
containing 5 mM pyruvate/5 mM malate, 5 mM glutamate/5 mM 
malate, 40 M palmitoyl-CoA/40 M carnitine/5 mM malate, or 10 mM 
succinate was added to each well. Plates were incubated at 37°C in a 
non-CO2 incubator for 8 to 10 min. OCRs were measured under basal 
conditions in the presence of ADP (4 mM), oligomycin (1.5 M), 
FCCP (4 M), and rotenone (1 M), as described above.

Mitochondrial PDH activity assay, pyruvate, acetyl-CoA, and 
-ketoglutarate measurement
Mitochondria were freshly isolated from brain tissues and washed 
two times with MAS. Mitochondrial pellets or neurosphere cells de-
rived from cortices were lysed in buffer [50 mM tris-HCl (pH 7.4), 1% 
NP-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA, 
1 mM NaF, 1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride, 
and aprotinin/leupeptin (10 g/ml)]. Lysates were subjected to the 
PDH assay, pyruvate, acetyl-CoA, and -ketoglutarate measurement 
using PDH activity colorimetric assay, pyruvate assay, acetyl-CoA 
assay, and -ketoglutarate assay kits purchased from BioVision, fol-
lowing the manufacturers’ instructions.

Footprint test
The footprint test was used to compare the gait of PTPMT1 knock-
out mice with that of control mice. To obtain footprints, the hind- 
and forefeet of the mice were coated with red and blue nontoxic ink, 
respectively. The animals were then allowed to walk on a fresh sheet 
of white paper on the floor of the runway to generate footprints. 
The footprint patterns were documented.

Statistical analysis
Data are presented as means ± SD of all mice analyzed in multiple 
independent experiments (that is, biological replicates; cells, mito-
chondria, etc. analyzed were not pooled but isolated from single 
individual mouse). Statistical significance was determined using an 
unpaired two-tailed Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/10/eaat2681/DC1
Fig. S1. PTPMT1 depletion from neural precursor cells compromises cerebral development.
Fig. S2. Active proliferation of GCPs and increased apoptosis in postnatal PTPMT1 knockout 
cerebella.
Fig. S3. Correctly localized BG with radial fibers are missing in PTPMT1 knockout cerebella.
Fig. S4. Decreased cell proliferation and increased apoptosis in PTPMT1 knockout cerebra.
Fig. S5. Loss of PTPMT1 causes cell cycle arrest in cerebral NSPCs, leading to defective 
self-renewal and senescence.
Fig. S6. Deletion of p53 does not rescue PTPMT1 knockout mice or NSPC self-renewal.
Fig. S7. Loss of PTPMT1 causes bioenergetic stress in cerebral NSPCs.
Fig. S8. The entire cerebral cortex cell population is less affected by PTPMT1 ablation.
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