
FIG. 7. Decreased mitochondrial fusion and compromised mitochondrial dynamics in Ptpmt1-depleted cells. (A) Primary Ptpmt1�/�/ER-
Cre� and Ptpmt1flox/flox/ER-Cre� MEFs at passage 3 or 4 were treated with 4-OHT for 48 h and then transfected with Mito-DsRed2 plasmid
to label mitochondria. Forty-eight hours later, mitochondrial morphology in transfected cells (at least 100 cells were counted for each group)
was examined under a fluorescence microscope. Normal mitochondria showed long thread-like tubular structures, whereas fragmented
mitochondria were punctate and sometimes rounded. The percentage of cells with fragmented mitochondria was determined. Representative
tubular and fragmented mitochondria are shown in the right panel. Experiments were performed three times. Results shown are means 

standard deviations. (B) Ptpmt1�/�/ER-Cre� and Ptpmt1flox/flox/ER-Cre� MEFs were treated with 4-OHT and then transfected with Mito-
DsRed2. Fluorescence recovery after photobleaching analyses were carried out as described in Materials and Methods. Time-lapse images
were captured using a Zeiss LSM 510 confocal microscope with intervals of 2 s. Regions of interest are indicated with white squares. Cells
that failed to show fluorescence recovery after photobleaching were counted. In addition, in the successfully recovered cells, fluorescence
recovery efficiencies 40 and 114 s after photobleaching were determined. The relative fluorescence intensity of Mito-DsRed2 recorded during
a photobleaching protocol was plotted over time. Experiments were performed two times using different clones, and similar results were
obtained in each. (C and D) 4-OHT-treated Ptpmt1�/�/ER-Cre� and Ptpmt1flox/flox/ER-Cre� ES cells (C) or MEFs (D) were separately
transfected with Mito-DsRed2 and Mito-AcGFP plasmids to label mitochondria in red and green fluorescence, respectively. Cell lines of the
same genotype that express Mito-DsRed2 or Mito-AcGFP were fused using polyethylene glycol 1500. Images of the cells were captured using
a fluorescence microscope. Representative pictures are shown. Summarized data are described in the text. (E) Ptpmt1�/�/ER-Cre� and
Ptpmt1flox/flox/ER-Cre� MEFs treated with 4-OHT were transfected with Mito-DsRed2. Transfected cells were monitored using a Leica
DMI600B inverted microscope equipped with an environmental control chamber. Images were taken every 3 s for 5 min with a Retiga EXI
12-bit camera and analyzed with MetaMorph software. Representative pictures are shown.
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the impact of Ptpmt1 ablation on mitochondrial function, we
analyzed mitochondrial morphology in Ptpmt1 knockout ES
cells and MEFs. The results showed that fragmented mito-
chondria were increased in Ptpmt1-deficient ES cells (data not
shown) and MEFs (Fig. 7A). Mitochondrial fragmentation is
known to be associated with defects in mitochondrial fusion (1,
5, 17). To test whether mitochondrial fusion is affected in the
absence of Ptpmt1, we first made use of a widely used ap-
proach, i.e., mitochondrial photobleaching time-lapse confocal
microscopic analysis (14, 25, 44), to examine mitochondrial

dynamics using MEF cell models. As shown in Fig. 7B, fluo-
rescence intensity in the bleached areas in WT cells was quickly
recovered after photobleaching due to mitochondrial fusion. In
contrast, this mitochondrial fusion-associated fluorescence re-
covery was significantly delayed in Ptpmt1 knockout cells.
Moreover, during the 114-s monitoring time period, 38% (8/
21) of Ptpmt1-deficient cells failed to show fluorescence recov-
ery after photobleaching whereas only 20% (4/20) of control
cells did. This fluorescence recovery assessment suggests that
mitochondrial fusion is compromised in the cells lacking

FIG. 7—Continued.
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Ptpmt1. To confirm this result, we differentially marked mito-
chondria in ES cells and MEFs by transfection of Mito-
DsRed2 (red) and Mito-AcGFP (green) plasmids. Two
parental cell lines were fused with polyethylene glycol 1500.
Fused-cell hybrids were examined under a fluorescence micro-
scope. As illustrated in Fig. 7C, mitochondria in control ES cell
hybrids underwent pronounced fusion, as evidenced by the
merged orange fluorescence in fused mitochondria. Only
18.7% (6/32) of control cell hybrids did not show mitochon-
drial fusion. In contrast, 42.5% of Ptpmt1-depleted cell hybrids
showed no mitochondrial fusion. Consistent with these results,
only 7% (2/30) of control MEF cell hybrids did not show
mitochondrial fusion whereas 28% (9/32) of Ptpmt1-depleted
MEF hybrids showed no mitochondrial fusion (Fig. 7D). Fur-
thermore, we labeled mitochondria with Mito-DsRed and di-
rectly monitored mitochondria in live MEF cells using time-
lapse microscopic analyses. In control cells, mitochondria were
highly dynamic, and fusion or fission events were frequently
observed during the 5 min of recording. However, in Ptpmt1-
depleted cells, mitochondria underwent fusion events much
less frequently, although a few fission events could be found
(Fig. 7E). These morphological data together clearly suggest
that Ptpmt1 is required for optimal mitochondrial dynamics.
Intriguingly, despite multiple defects in mitochondria, MEFs
tolerated Ptpmt1 depletion well. Compared to Ptpmt1 knock-
out ES cells, MEFs lacking Ptpmt1 exhibited no phenotypes.
Their survival and growth were not disturbed (data not shown).

Defective mitochondrial dynamics in Ptpmt1-depleted cells
are attributable to the accumulation of PIP substrates in the
mitochondria. Ptpmt1 dephosphorylates multiple PIPs, espe-
cially PI(3,5)P2 (Fig. 1D), a recently identified phosphatidyl-
inositol bisphosphate (PIP2) isomer whose subcellular localiza-
tion and function in mammalian cells have not been well
characterized (8, 23). To test whether the defective mitochon-

drial dynamics in Ptpmt1-ablated cells are associated with de-
creased dephosphorylation of PIP substrates, we first assessed
PI(3,5)P2 levels in the mitochondria in these cells. 4-OHT-
treated Ptpmt1flox/flox/ER-Cre� and Ptpmt1�/�/ER-Cre� MEFs
were transfected with Mito-DsRed2 to label mitochondria, im-
munostained with anti-PI(3,5)P2 antibody, and analyzed by
laser scanning cytometry (24, 28). As shown in Fig. 8A,
PI(3,5)P2 determined by green fluorescence intensity in the
Mito-DsRed2-labeled areas in Ptpmt1-depleted cells was in-
creased compared to that in WT counterparts, confirming ex-
cessive PI(3,5)P2 in Ptpmt1-deficient mitochondria. We then
tested for direct effect of overloading of PI(3,5)P2 on mito-
chondrial dynamics by dialyzing WT MEFs with PI(3,5)P2. The
results showed that perfusion of PI(3,5)P2 in WT cells caused
significant mitochondrial fragmentation (Fig. 8B), recapitulat-
ing the mitochondrial defects in Ptpmt1-depleted cells (Fig.
7A). Moreover, overloading of PI(3,5)P2 in WT ES cells sig-
nificantly decreased basal mitochondrial oxygen consumption
(data not shown). Although it is unclear whether other PIP
substrates in Ptpmt1 knockout mitochondria are also accumu-
lated and whether this may also contribute to the overall cell
phenotypes, the PI(3,5)P2 data explain at least in part the
underlying mechanism of the effects of Ptpmt1 deficiency, i.e.,
the defective mitochondrial networks and aerobic metabolism
in Ptpmt1-depleted cells are attributable to the elevated levels
of PIP substrates in the mitochondria, most likely in the inner
membrane since Ptpmt1 is localized there (31).

DISCUSSION

Mitochondria regulate cell function through multiple mech-
anisms, such as energy production, metabolism, and apoptosis.
Deficiency in mitochondrial Ptpmt1 does not cause develop-
mental arrest and subsequent embryonic lethality by directly

FIG. 8. PI(3,5)P2 is accumulated in the mitochondria in Ptpmt1-depleted cells, and overloading of PI(3,5)P2 results in defective mitochondrial
dynamics. (A) 4-OHT-treated Ptpmt1�/�/ER-Cre� and Ptpmt1flox/flox/ER-Cre� MEFs were transfected with Mito-DsRed2 and then immunostained
with anti-PI(3,5)P2 antibody. PI(3,5)P2 was visualized using Alexa Fluor 488-conjugated anti-mouse secondary antibody. Green fluorescence
intensity in Mito-DsRed2-positive areas in Ptpmt1flox/flox/ER-Cre� cells (n � 137) was quantified and normalized against that in the Ptpmt1�/�/
ER-Cre� control (n � 131) using laser scanning cytometric analyses. Results shown are means 
 standard deviations of three independent
experiments. (B) PI(3,5)P2 (di-C16) (1 �M) was delivered (shuttled) into Ptpmt1�/�/ER-Cre� MEFs using Shuttle PIP kits following the protocol
provided by the manufacturer (Echelon Biosciences, Inc.). Carrier 2 was used to deliver PI(3,5)P2. Cells were stained with Mitotracker Red 4 h
later. The percentage of the cells with fragmented mitochondria was determined. Representative results of one experiment (average of three
different fields, and 200 cells were counted for each field) are shown. Experiments were repeated using two different cell clones, and similar results
were obtained.
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inducing cell apoptosis, because Ptpmt1�/� embryos at the
blastocyst stage were morphologically indistinguishable from
WT littermates and no increase in apoptosis was observed (Fig.
3A). Moreover, acute deletion of Ptpmt1 from conditional
knockout ES cells or MEFs did not appreciably alter cell sur-
vival (Fig. 4D), and mitochondrial membrane potential in
Ptpmt1-depleted cells was not decreased (Fig. 4E). Ptpmt1
appears to facilitate embryogenesis by maintaining mitochon-
drial aerobic metabolism and dynamics in ES cells, as the
resting levels and maximal capacities of oxygen consumption of
Ptpmt1 knockout cells were decreased (Fig. 6C and D). Fur-
thermore, mitochondrial fusion and dynamics in Ptpmt1-defi-
cient cells were compromised (Fig. 7).

It appears that ablation of Ptpmt1 causes mitochondrial
dysfunction by disrupting PIP homeostasis in the mitochon-
drial membrane. Ptpmt1 is localized to the inner membrane
(31). It favors PIPs as substrates (Fig. 1D). PIPs are a class of
membrane phospholipids that regulate many important cellu-
lar processes, including membrane trafficking, ion channel and
transporter functions, and cell division (3, 12, 15). PI(3,5)P2,
the apparently favored PIP substrate of Ptpmt1 (Fig. 1D), is a
recently identified phosphatidylinositol bisphosphate (PIP2)
isomer whose subcellular localization and function in mamma-
lian cells have not been well characterized (8, 23). In this
report, we show that PI(3,5)P2 is also enriched within the
mitochondria (Fig. 1E) and that tight control of the levels of
PI(3,5)P2 in the mitochondrial inner membrane is important
for the morphological networks and function of this organelle.
Ptpmt1 depletion from ES cells decreased cell growth (Fig.
4B), and the differentiation of Ptpmt1-depleted ES cells was
blocked (Fig. 5A). Moreover, only WT Ptpmt1 and not Ptpmt1
C132S or truncated Ptpmt1 lacking mitochondrial localization
could rescue the differentiation potential of Ptpmt1 knockout
ES cells (Fig. 5F). These results clearly suggest that Ptpmt1
functions in a catalytically dependent manner and that mito-
chondrial localization is required for its function. Thus, it
seems that the accumulation of PIP substrates, such as
PI(3,5)P2 (Fig. 8A), in the inner membrane as a result of
Ptpmt1 deficiency disturbs the proper membrane trafficking
necessary for mitochondrial fusion, leading to compromised
mitochondrial dynamics and increased mitochondrial fragmen-
tation. In support of this notion, overloading of PI(3,5)P2 in
WT cells generated mitochondrial phenotypes similar to those
of Ptpmt1-depleted cells (Fig. 8B). As coordinated mitochon-
drial dynamics are vital for mitochondrial metabolism (5, 29,
40), it is possible that the compromised mitochondrial metab-
olism in Ptpmt1 knockout cells is associated with defective
dynamics. Alternatively, as many regulatory proteins important
for mitochondrial ion homeostasis and mitochondrial metab-
olism, such as ion channels/transporters, reside in the mito-
chondrial inner membrane, the accumulation of PIPs in the
inner membrane might affect the functions of these proteins,
disrupting ion homeostasis in the mitochondrial matrix or the
electrochemical gradient across the inner membrane, which
would consequently alter mitochondrial metabolism.

Another interesting finding that we would like to highlight is
that the role of Ptpmt1 in cellular function is highly cell type
specific. Although Ptpmt1 is expressed at similar levels in ES
cells and MEFs (data not shown), it is much more important
for ES cells than for differentiated MEFs. ES cells responded

more dramatically than MEFs to the same mitochondrial dys-
function induced by Ptpmt1 deficiency. The proliferation of
Ptpmt1-depleted ES cells was decreased (Fig. 4B), and the
differentiation of these mutant ES cells was blocked (Fig. 5F).
As the survival of Ptpmt1 knockout ES cells was not altered
(Fig. 4D) and cellular ROS levels were not changed (Fig. 6B),
the differentiation block of these cells is obviously not medi-
ated by increased ROS or cell death. Rather, it appears that a
cell-intrinsic checkpoint was activated and that that in turn
stopped the cell differentiation program by cell cycle arrest.
Indeed, cyclin-dependent kinase inhibitors were markedly up-
regulated (Fig. 5C) and the cell cycle in ES cells was signifi-
cantly prolonged following Ptpmt1 depletion. In contrast,
Ptpmt1-depleted MEFs exhibited no phenotypes. Their cellu-
lar functions were barely disturbed (data not shown). More-
over, dominant-negative effects of Ptpmt1 C132S in MEFs
were undetectable (data not shown), while the overexpression
of this catalytically deficient Ptpmt1 mutant in ES cells signif-
icantly decreased cell differentiation capabilities (Fig. 5F). The
cell type-dependent nature of these effects of Ptpmt1 deficiency
indicates that the mitochondrial stress-induced cell cycle
checkpoint is activated only in pluripotent stem cells, but not in
differentiated fibroblasts. Consistent with this idea, no upregu-
lation of cyclin-dependent kinase inhibitors was found in
Ptpmt1-depleted MEFs (data not shown). Stem cells have a few
mitochondria (20, 42). Unlike MEFs, whose cell division is
accompanied with only duplication of mitochondria, when
stem cells differentiate into progeny cells with dramatically
increased mitochondrial mass, robust mitochondrial biogene-
sis/replication is required. If this suddenly rising need cannot
be met due to defective membrane trafficking and mitochon-
drial dynamics, as seen in Ptpmt1�/� ES cells, the stem cell
differentiation process may be halted, leading to developmen-
tal arrest. More interestingly, mitochondrial metabolism and
dynamics were only moderately perturbed in Ptpmt1�/� stem
cells, while cellular consequences were remarkably profound,
similar to the nuclear DNA damage and mitotic spindle as-
sembly checkpoints in which a single double-strand DNA
break or misalignment of a single chromosome causes com-
plete cell cycle arrest (26, 35). It is thus likely that the mito-
chondrial stress induced by Ptpmt1 ablation must signal to a
certain intracellular signaling cascade(s) to produce amplified
cellular effects. Nevertheless, how the mitochondrial stress is
sensed and signaled to the cell cycle regulatory machinery
remains to be further determined.
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ADDENDUM IN PROOF

During the processing of our paper, Jack Dixon and his
group reported that PTPMT1 was essential for cardiolipin
biosynthesis (Cell Metabolism, 13:690–700, 2011). Therefore,
further studies are needed to determine whether the ES cell
differentiation block caused by PTPMT1 deficiency is medi-
ated by decreased cardiolipin levels in the mitochondria.
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