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PTPIP51 regulates mouse cardiac 
ischemia/reperfusion through 
mediating the mitochondria-SR 
junction
Xue Qiao1, Shi Jia1, Jingjing Ye1, Xuan Fang1, Chenglin Zhang1, Yangpo Cao1, Chunling Xu1, 
Lifang Zhao1, Yi Zhu1, Lu Wang2 & Ming Zheng1

Protein tyrosine phosphatase interacting protein 51 (PTPIP51) participates in multiple cellular 
processes, and dysfunction of PTPIP51 is implicated in diseases such as cancer and neurodegenerative 
disorders. However, there is no functional evidence showing the physiological or pathological roles 
of PTPIP51 in the heart. We have therefore investigated the role and mechanisms of PTPIP51 in 
regulating cardiac function. We found that PTPIP51 was markedly upregulated in ischemia/reperfusion 
heart. Upregulation of PTPIP51 by adenovirus-mediated overexpression markedly increased the 
contact of mitochondria-sarcoplasmic reticulum (SR), elevated mitochondrial Ca2+ uptake from SR 
release through mitochondrial Ca2+uniporter. Inhibition or knockdown of mitochondrial Ca2+uniporter 
reversed PTPIP51-mediated increase of mitochondrial Ca2+ and protected cardiomyocytes against 
PTPIP51-mediated apoptosis. More importantly, cardiac specific knockdown of PTPIP51 largely 
reduced myocardium infarction size and heart injury after ischemia/reperfusion. Our study defines 
a novel and essential function of PTPIP51 in the cardiac ischemia/reperfusion process by mediating 
mitochondria-SR contact. Downregulation of PTPIP51 improves heart function after ischemia/
reperfusion injury, suggesting PTPIP51 as a therapeutic target for ischemic heart diseases.

Cardiac ischemia/reperfusion (I/R) injury usually accompanies coronary heart disease, which is one of the lead-
ing causes of heart failure1,2. A variety of mechanisms including I/R-triggered excess reactive oxygen species 
(ROS) production, intracellular calcium overload, dysfunction of cardiac contractile activity, and necrotic or 
apoptotic cell death, have been proposed to explain cardiac dysfunction and subsequently pathological processes 
after cardiac I/R3–5. Mitochondria, the energy-supplying organelles, are important components of the intracellular 
calcium buffering system and the primary resource of ROS production, and thus they are central determinants 
of cell survival and death and are gradually recognized as pivotal players in the genesis of I/R injury3,6. As a meta-
bolically active tissue, heart cells contain prominent mitochondrial networks, occupying up to 40% of cell volume 
and generating ATP in response to energy needs through oxidative phosphorylation (OXPHOS)7,8. Dysfunction 
of mitochondria, such as decreased mitochondrial electron transport chain activity and mitochondrial ATP syn-
thesis, increased ROS production, the irreversible opening of the mitochondrial permeability transition pore 
(mPTP), release of cytochrome C from mitochondria to cytosol, and eventually cell death, are closely associated 
with cardiac I/R9–11. Inhibition of mitochondrial complex I by rotenone, targeting overexpression of catalase 
in mitochondria, modulation of mitochondrial dynamics by inhibiting mitochondrial fission, or inhibition of 
mPTP by cyclosporine A, all significantly protected heart against I/R injury12, further suggesting a crucial role of 
mitochondria in cardiac I/R injury.

Mitochondria and the endoplasmic reticulum (ER) or the sarcoplasmic reticulum (SR in cardiomyocytes) are 
organelles physically associated through mitochondria-associated ER membranes (MAMs)13. The Ca2+ microdo-
mains between mitochondria and SR in cardiomyocytes are tightly regulated by the mitochondria-SR interaction 
site14,15. During cardiac I/R, a rise in intracellular Ca2+ has been suggested to play an important role in the genesis 
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of cardiac injury16. In addition to modulating Ca2+-dependent signals, the increased cytosolic Ca2+ subsequently 
leads to mitochondrial Ca2+ overload, which in turn triggers mPTP opening and eventually results in cell death3. 
The mitochondria-ER interaction site has been implicated in cytosolic Ca2+ accumulation induced mitochondrial 
Ca2+ overload14,17. Several proteins, such as VDAC1, Grp75, IP3R1, and more recently, mitofusin 2, have been 
identified to localize at the mitochondria-ER interaction site, regulating Ca2+ transfer from ER to mitochondria 
in different cell types18–20. In the heart, I/R induces increased interaction of cyclophilin D with MAMs macro-
complex VDAC1/Grp75/IP3R1 and leads to mitochondrial Ca2+ overload. Disruption of the mitochondria-SR 
interaction by either inhibition of CypD/VDAC1/Grp75/IP3R1 or downregulation of mitofusin2, attenuates 
mitochondrial Ca2+ overload and protects cardiomyocytes against I/R injury21.

Protein tyrosine phosphatase interacting protein 51 (PTPIP51) is widely expressed in mammalian tissues 
including the heart22. Our previous study in cell lines found that PTPIP51 primarily localizes on the mitochon-
drial surface through its N-terminal putative transmembrane motif23. In CV1 and NSC34 motor neuron cells, the 
amyotrophic lateral sclerosis (ALS)-related vesicle-associated membrane protein-associated protein-B (VAPB) 
has been found to interact with PTPIP51 at the mitochondria-ER junction; downregulation of both proteins 
impairs mitochondrial Ca2+ uptake and the mutated VAPB-P56S is enriched in MAMs fraction in ALS patients 
and causes mitochondrial transportation disruption and Ca2+ overload24–26. In the present study, we investigated 
the possible involvement of PTPIP51 in cardiac I/R-induced mitochondrial Ca2+ overload and cell death. We 
found that I/R upregulated PTPIP51 protein, which subsequently induced mitochondrial Ca2+ overload and 
cardiomyocyte death by enhancing Ca2+ transfer from SR to mitochondria through increasing mitochondria-SR 
contact sites. Downregulation of PTPIP51 in the heart protected I/R-induced cardiac dysfunction and cell death. 
Thus, our study reveals a novel role of PTPIP51 in regulating the mitochondria-SR junction and in cardiac func-
tion, and provides a new therapeutic target for cardiac I/R-related diseases.

Results
PTPIP51 is upregulated in mouse I/R hearts.  PTPIP51 is expressed ubiquitously in many tissues 
including the heart, however, its cardiac function has not yet been studied. To investigate the cardiac function of 
PTPIP51 and its pathophysiological relevance, we examined the expression level of PTPIP51 in I/R heart. Mouse 
cardiac I/R models were set up with 30min ischemia followed by 1, 6, 12, 24-h reperfusion, and cardiac function 
was confirmed by echo assay (Fig. S1A and S1B). PTPIP51 protein levels at zones bordering the I/R site increased 
to 2.0-, 3.0-, 3.5-fold of the sham hearts at 6, 12, and 24-h after I/R (Fig. 1A), suggesting a possible involvement of 
PTPIP51 in the process of cardiac I/R injury.

We then investigated how elevated PTPIP51 participates in the pathogenesis of cardiac I/R. To answer this 
question, we employed both gain-of-function and loss-of-function approaches. Overexpressing PTPIP51 in neo-
natal rat cardiomyocytes by adenovirus-mediated gene transfer led to a 2.4 ±​ 0.4-fold increase in PTPIP51 protein 
abundance (Fig. 1B), parallel to that in I/R heart (Fig. 1A). Upregulated PTPIP51 resulted in increased apoptotic 
cardiomyocytes to 16.26 ±​ 1.46%, compared with 10.85 ±​ 0.72% of control cells, as indicated by flow cytometry 
analysis using fluorescence-labeled Annexin V to detect the translocation of phosphatidylserine (PS) from the 
cytoplasmic to the external cell membrane (Fig. 1C), a key biochemical marker of apoptotic cell death23. The 
apoptotic effect of PTPIP51 was further confirmed by TUNEL assay, with an apoptotic rate of 15.88 ±​ 1.0% in 
PTPIP51 overexpressing cardiomyocytes and 10.44 ±​ 1.65% in control cells (Fig. 1D). Together, these data show 
that upregulated PTPIP51 is sufficient to cause cardiomyocyte apoptosis.

We then determined if PTPIP51 is required for H2O2-induced cardiomyocyte apoptosis using the 
loss-of-function approach. PTPIP51 protein was knocked down by adenovirus-mediated PTPIP51 shRNA 
(adeno-PTPIP51 shRNA) in cardiomyocytes, to approximately one-third (31.3 ±​ 0.41%) of the level compared 
with scramble (adeno-scramble) control cells (Fig. 1E). Concomitantly, while the apoptotic cell rates showed no 
difference between adeno-scramble cells and adeno-PTPIP51 shRNA cells at the basal level, PTPIP51 knockdown 
reduced the apoptotic rate in response to H2O2 stimulation (200 μ​M, 12 h) from 38.39 ±​ 2.66% in the control cells 
to 25.54 ±​ 3.65% in adeno-PTPIP51 shRNA cells, as indicated by TUNEL staining assay (Fig. 1F and Fig. S1C). 
Annexin V-PI staining showed similar results: PTPIP51 knockdown largely decreased H2O2-induced apoptotic 
cardiomyocytes as compared with adeno-scramble control cells (Fig. 1G and Fig. S1D). Thus, the results show 
that PTPIP51 is required for H2O2-mediated cardiomyocyte apoptosis. Together, our data suggest that the eleva-
tion of PTPIP51 may contribute to I/R-induced cardiac injury.

Knockdown of PTPIP51 in heart protects cardiac function after I/R.  To further understand the 
in vivo function of PTPIP51 in the heart, we employed an adenovirus associated virus (AAV)-mediated knock-
down approach in mice27–29 (Fig. S2A). Four weeks after the mouse was injected with PTPIP51 shRNA con-
taining AAV9-ZsGreen (AAV9-ZsGreen-shPTPIP51), over 60% of cardiomyocytes were transfected with 
AAV9-ZsGreen-shPTPIP51 adenovirus, as visualized by green fluorescence signals (Fig. 2A), and PTPIP51 pro-
tein was reduced to 38% of scramble control hearts (Fig. 2B). There were no differences in heart weight/body 
weight ratio (Fig. 2C), ventricle size (Fig. 2D), and cardiomyocyte area (Fig. 2E) between PTPIP51 knockdown 
and scramble control mice.

We then tested the in vivo effect of PTPIP51 knockdown in heart I/R injury. Compared with scramble control 
hearts, echocardiography showed that knockdown of PTPIP51 did not change basic cardiac function (Fig. 2F& 
Fig. S2B). However, PTPIP51 knockdown mice displayed surprisingly improved cardiac function after 30 min 
ischemia followed by 24 h reperfusion, with a 12.4% higher fractional shortening and a 20.3% higher ejection 
fraction than the control hearts (Fig. 2F& Fig. S2B). Consistently, the infarction size (% area at risk) in PTPIP51 
knockdown hearts after I/R was significantly smaller than the control hearts, while the areas at risk (% left ven-
tricular) showed no significant difference between the two groups, based on Evan’s Blue-TTC double staining 
(Fig. 2H). After I/R, the serum lactic dehydrogenase (LDH) level, a biomarker of injury myocardium, increased 
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Figure 1.  PTPIP51 was increased in mouse I/R hearts. (A) Western blot and scatter dot plots of PTPIP51 
protein in mouse hearts from Sham and I/R border area. n =​ 4 independent experiments. α​-tubulin was 
used as a protein loading control. *P <​ 0.05versus sham control group. (B) Western blot of adenoviral-
mediated PTPIP51 expression (Ad-PTPIP51) in rat neonatal cardiomyocytes. Cardiomyocytes infected with 
adenovirus vector (Ad-lacZ) were used as a control. n =​ 3 independent experiments. (C) Annexin V-PI assay 
by flow cytometry and scatter dot plots, and (D) TUNEL staining, in Ad-lacZ and Ad-PTPIP51-infected 
cardiomyocytes. n =​ 27 (lacZ) and 20 (PTPIP51) experiments for (C), and n =​ 8–10 frames in each group for  
(D). Scale bar: 25 μ​m. *P <​ 0.05versus Ad-lacZ group. (E) PTPIP51 protein in rat neonatal cardiomyocytes 
infected with adenovirus-mediated PTPIP51 shRNA (sh-PTPIP51) or scrambled shRNA (sh-Scramble) as a 
control. n =​ 3 independent experiments. (F) TUNEL staining, and (G) Annexin V-PI assay, in sh-Scramble and 
sh-PTPIP51-infected rat neonatal cardiomyocytes. Cells were treated with 200 μ​M H2O2 for 12 h or with ddH2O 
as a control. n =​ 10–18 frames in each group for (F) and n =​ 5–8 independent experiments for (G). *P <​ 0.05 
versus scramble group; #P <​ 0.05 versus scramble group with H2O2 treatment.
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Figure 2.  PTPIP51 knockdown protected mouse cardiac function after I/R. (A) Confocal images of 
AAV9-ZsGreen-scramble or AAV9-ZsGreen-PTPIP51 shRNA adenovirus transfection efficiency in mouse 
left ventricle. Scale bar: 25 μ​m. (B) PTPIP51 protein levels. n =​ 6 pairs of mice. *P <​ 0.05 versus Control(Con) 
group. (C) AAV9-sh-Scramble and AAV9-sh-PTPIP51 hearts. Bar chart is heart weight/body weight (HW/
BW) ratio. (D) Bar chart is the LVID (left ventricular internal diameter) and LVPW (left ventricular posterior 
wall) length, d =​ in diastole, s =​ in systole. n =​ 9 pairs of mice. (E) HE staining of heart tissues from AAV9-sh-
Scramble and AAV9-sh-PTPIP51 mice and cardiomyocyte cross-sectional area and frequency distribution 
were calculated. n =​ 150 cells from four pairs of mice. (F) Ejection fraction (EF, left) and fractional shortening 
(FS, right) by echocardiography of sh-Scramble and sh-PTPIP51 mouse hearts with or without I/R. n =​ 9 
pairs of mice. (G), Serum LDH levels in sh-Scramble or sh-PTPIP51 mouse hearts with or without I/R. n =​ 12 
pairs of mice. *P <​ 0.05 versus sham scramble; #P <​ 0.05versus scramble with I/R injury. (H) Infarct sizes by 
triphenyltetrazolium chloride (TTC)-Evan’s Blue staining. Average data showing the percentages of infarct area 
to AAR (area at risk) and AAR to LV (left ventricular). n =​ 8 pairs of mice.
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from 763.6 ±​ 80.32 U/L to 2435 ±​ 135.7 U/L in scramble control mice (Fig. 2G). However, the serum LDH level in 
PTPIP51 knockdown mice was only 60.57% of that in control mice (Fig. 2G), suggesting a strong protective effect 
to I/R of PTPIP51 knockdown in the heart. Moreover, PTPIP51 knockdown protected cardiomyocytes from I/R 
injury-induced cardiomyocyte apoptosis, as shown by the decreased TUNEL staining positive cells in the border 
zone of PTPIP51 knockdown hearts after I/R injury comparing with scramble control hearts (Fig. S2C). Together, 
the in vivo results provide solid evidence supporting the pivotal role of PTPIP51 in cardiac I/R injury, and more 
importantly, suggesting a protective strategy against cardiac I/R injury by decreasing the PTPIP51 level.

PTPIP51 regulates mitochondrial and cytosolic Ca2+ in cardiomyocytes.  To understand the under-
lying mechanisms of PTPIP51-mediated cardiac function, we at first targeted the localization of PTPIP51 in cardi-
omyocytes by immunofluorescent staining. The fluorescent signals from the PTPIP51 antibody and mitochondrial 
outer membrane protein Tom20 antibody overlapped, suggesting PTPIP51 mainly localizes on mitochondria in 
rat neonatal cardiomyocytes (Fig. 3A). This was in general agreement with previous studies that were carried out 
in CV1 and NSC34 motor neuron cells24,30. Because mitochondrial calcium signals have an important role in 
cell apoptosis31,32, we then examined the possible involvement of mitochondrial calcium in PTPIP51-mediated 
cardiomyocyte apoptosis. In neonatal rat cardiomyocytes loaded with mitochondrial Ca2+ probe Rhod-2 AM, SR 
Ca2+ release by caffeine stimulation induced a higher mitochondrial calcium signal in PTPIP51-overexpressing 
cells than in control cells, as indicated by the 1.3-fold increase in peak amplitude over the control cells (Fig. 3B). 
In contrast to the increased mitochondrial Ca2+ signal, cytosolic Ca2+ peak amplitude in PTPIP51 cardiomyo-
cytes was only 80.2 ±​ 6.9% of that in control cells, indicated by the fluorescent intensity of calcium probe Fluo-4 
AM (Fig. 3C). The contrasting changes in mitochondrial and cytosolic Ca2+ in response to SR Ca2+ release in 
PTPIP51 overexpressing cardiomyocytes indicate that PTPIP51 increases mitochondrial Ca2+ uptake during SR 
Ca2+ release. The role of PTPIP51 in regulating the mitochondrial Ca2+ signal was also checked in cardiomyo-
cytes transfected with adeno-PTPIP51 shRNA. Knockdown of PTPIP51 caused a 31.7% decrease of mitochon-
drial Ca2+ signal and 1.3-fold increase of cytosolic Ca2+ signal in response to caffeine stimulation, compared 
with adeno-scramble cells, indicated by Rhod-2 AM and Fluo-4 AM fluorescence respectively (Fig. 3D and E).  
Together, these results from both gain-of-function and loss-of-function studies reveal that in cardiomyocytes, 
PTPIP51 elevates mitochondrial Ca2+ uptake in response to SR Ca2+ release.

Furthermore, we checked mitochondrial Ca2+ content by treating resting cardiomyocytes with carbonyl 
cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), the potent mitochondrial oxidative phosphorylation 
uncoupler, to disrupt the mitochondrial membrane potential and release mitochondrial Ca2+ to the cytosol. We 
found that cytosolic Ca2+ increased more in PTPIP51-overexpressing cells, to a 1.3-fold of that in control cells, 
as indicated by the increased Fluo-4 AM fluorescent intensity, suggesting more mitochondrial Ca2+ release to the 
cytosol (Fig. 3F). Whereas, FCCP stimulation caused a 14% decreased mitochondrial Ca2+ release into the cytosol 
compared with that in control cells (Fig. 3G). Collectively, our results support the regulatory role of PTPIP51 on 
mitochondrial Ca2+ content in the resting state and mitochondrial Ca2+ uptake in response to SR Ca2+ releases 
in cardiomyocytes.

PTPIP51 increases mitochondrial calcium through mitochondrial calcium uniporter.  
Mitochondrial calcium uniporter (MCU) is an inward rectifying, low-affinity, and high-capacity channel that 
regulates Ca2+ flux into the mitochondrial matrix33,34. To understand if MCU is required for PTPIP51-mediated 
mitochondrial Ca2+ increase, we treated PTPIP51-overexpressing cardiomyocytes with Ru360, a specific inhib-
itor, to block MCU activity. Ru360 decreased the peak amplitude of mitochondrial Ca2+ in response to caffeine 
stimulation in PTPIP51-overexpressing cardiomyocytes to 36.1% of that in cells without Ru360 treatment, with a 
similar level as in lacZ control cells treated with Ru360 (Fig. 4A). Consistently, cytosolic Ca2+ peak amplitude (as 
shown by Fluo-4 fluorescent signal), in response to caffeine stimulation in PTPIP51-overexpressing cardiomyo-
cytes in the presence of Ru360, was increased by 1.4-fold compared with the same cells without Ru360 treatment 
(Fig. 4B). We further confirmed the role of MCU in PTPIP51-mediated mitochondrial Ca2+ flux by transfect-
ing cardiomyocytes with adenovirus-mediated MCU shRNA (adeno-MCU shRNA). MCU protein was knocked 
down to approximately one third of that in scramble (adeno-scramble) control cells (Fig. 4C). Similar to Ru360 
treatment, adeno-MCU shRNA co-transfection in PTPIP51-overexpressing cardiomyocytes led to decreased 
mitochondrial Ca2+ amplitude and increased cytosolic Ca2+ amplitude in response to caffeine stimulation, as 
compared with adeno-scramble/PTPIP51 overexpressing cardiomyocytes (Fig. 4D and E). Thus, these results 
suggest that PTPIP51 mediates mitochondrial Ca2+ flux through mitochondrial Ca2+ uniporter MCU.

Furthermore, inhibition of MCU by Ru360 protected PTPIP51-mediated cardiomyocyte apoptosis, as shown 
by Annexin V-PI assay (Fig. 4F) and TUNEL staining (Fig. 4G). Collectively, our data suggest that PTPIP51 
causes mitochondrial Ca2+ overload through MCU, which subsequently leads to cardiomyocyte death.

PTPIP51 increases cardiomyocyte mitochondria-SR contacts.  Mitochondria and ER/SR are closely 
associated organelles in most cell types including cardiomyocytes, and the contact sites of mitochondria-ER/
SR are involved in the regulation of intracellular Ca2+ through controlling mitochondrial Ca2+ buffering func-
tion13,35,36. Based on our findings that PTPIP51 increased mitochondrial Ca2+ flux through MCU while decreas-
ing cytosolic Ca2+ during SR calcium release, we hypothesized that PTPIP51 regulates the mitochondrial Ca2+ 
signal through changing mitochondria-SR junction sites. In either PTPIP51-overexpressing or knockdown car-
diomyocytes, mitochondria and SR were visualized by fluorescent signals of MitoTracker Green and ERTracker 
Red, respectively, and the overlapping of the green fluorescent signal from MitoTracker and the red fluorescent 
signal from ER Tracker was quantified by intensity correlation quotient (ICQ) and analyzed by Pearson corre-
lation coefficient30,37. Interestingly, overexpression of PTPIP51 caused a 30.6 ±​ 7.7% increase in ICQ compared 
with control cardiomyocytes, and the Pearson correlation coefficient increased from 0.44 in control to 0.55 in 
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Figure 3.  PTPIP51 increased mitochondrial and decreased cytosolic Ca2+ in cardiomyocytes. (A) 
Confocal images of rat neonatal cardiomyocytes immunostained with a rabbit-anti-PTPIP51 antibody and 
mouse-anti-Tom20, and distribution curves of immunofluorescent intensities (right). Scale bar: 10 μ​m in 
merge, and 5 μ​m in Zoom. (B) Confocal images and representative recordings of mitochondrial Ca2+ in 
rhod-2 AM-loaded neonatal cardiomyocytes transfected with Ad-PTPIP51 or Ad-lacZ in response to 10 μ​M 
caffeine stimulation. n =​ 41–42 cells in each group from five independent experiments. (C) Confocal images 
and representative recordings of cytosolic Ca2+ by Fluo-4 AM fluorescent signal in response to 10 μ​M caffeine 
stimulation, in cardiomyocytes transfected with Ad-PTPIP51 or Ad-lacZ. n =​ 29–31 cells in each group 
from five independent experiments. *P <​ 0.05versus Ad-lacZ group. (D) Confocal images and representative 
recordings of mitochondrial Ca2+ and (E) Cytosolic Ca2+ in response to 10 μ​M caffeine stimulation in neonatal 
cardiomyocytes transfected with PTPIP51 shRNA or scramble shRNA. n =​ 30–50 cells in each group from 
three independent experiments in (D) and n =​ 63–90 cells in each group from five independent experiments in 
(E). *P <​ 0.05 versus scramble group. (F & G) Confocal images and representative recordings of cytosolic Ca2+ 
in response to 1 μ​M FCCP stimulation in neonatal cardiomyocytes transfected with Ad-PTPIP51 (F) or with 
PTPIP51 shRNA (G). Data are presented as mean ±​ SEM. Bar charts show quantifications of peak amplitude.
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PTPIP51 expressing cardiomyocytes (Fig. 5A). Electron microscopy data showed that the contact ratio of the 
mitochondria-SR membrane was largely increased by PTPIP51 overexpression, to about 136.8% of that in control 
cells, although the distance between the two organelles showed no difference (Fig. 5B). In contrast to the increased 
mitochondria-SR contact ratio by PTPIP51 overexpression, knockdown of PTPIP51 by adeno-PTPIP51 shRNA 
led to a 21.5% reduction of ICQ compared with control and Pearson correlation coefficient decreased from 0.43 in 

Figure 4.  PTPIP51 regulated cell function through increasing mitochondrial calcium influx. (A) 
Mitochondrial Ca2+ and (B) Cytosolic Ca2+ recordings of neonatal cardiomyocytes transfected with Ad-
lacZ or Ad-PTPIP51 in the presence or absence of MCU inhibitor Ru360 (2 μ​M, for 30 min), in response to 
caffeine stimulation. n =​ 41–70 cells in each group for (A) and n =​ 46–100 cells in each group for (B) from 
five independent experiments. Bar charts show quantifications of peak amplitude. *P <​ 0.05versus Ad-
lacZ; #P <​ 0.05 versus Ad-PTPIP51. (C) MCU protein level in sh-MCU-transfected cardiomyocytes. n =​ 3 
independent experiments. *P <​ 0.05 versus sh-Scramble. (D) Mitochondrial Ca2+ and (E) Cytosolic Ca2+ 
recordings of neonatal cardiomyocytes transfected with Ad-lacZ, or Ad-PTPIP51 and co-transfected with sh-
scramble (sh-Scra) or sh-MCU, in response to caffeine stimulation. n =​ 35–64 in (D) and n =​ 54–82 in (E) in 
each group from five independent experiments. Bar charts show quantifications of peak amplitude. *P <​ 0.05 
versus Ad-lacZ +​ sh-scramble; #P <​ 0.05 versus Ad-PTPIP51 +​ sh-scramble. (F) Annexin V-PI assay by flow 
cytometry and (G) TUNEL staining in cardiomyocytes transfected with Ad-lacZ or Ad-PTPIP51 with/without 
Ru360. n =​ 12 (F) and n =​ 8 (G) independent experiments. *P <​ 0.05versus Ad-lacZ; #P <​ 0.05 versus Ad-
PTPIP51.
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Figure 5.  PTPIP51 increased mitochondria-SR contacts in cardiomyocytes. (A) Confocal images of Ad-lacZ 
or Ad-PTPIP51 transfected cardiomyocytes loaded with Mito-Tracker Green and ER-Tracker Red. Bar charts are 
mean intensity correlation quotients (ICQ) (left) and Pearson correlation coefficient (PCC) (right). n =​ 59–61 
frames in each group from three independent experiments. Scale bars: 7 μ​m and 3.5 μ​m (Merge). Green: Mito-
Tracker green; Red: ER-Tracker red; ICA: intensity correlation of green and red fluorescent signals and high 
correlation is displayed in yellow. (B) TEM images of mitochondria-SR contacts in neonatal cardiomyocytes as 
indicated. Red lines with arrows indicate mitochondria-SR contacts. Scale bar: 500 nm. Yellow square areas in the 
Ad-PTPIP51 cell were further zoomed in to show the tight contacts of mitochondria (Mito) and SR (arrowheads). 
Scale bars: 1 μ​m, 200 nm (zoom upper), and 40 nm (zoom bottom). Bar charts are % of the mitochondrial surface 
closely in contact with SR (upper) and mean distance between mitochondria and SR junction (bottom). n =​ 37–50 
frames in each group from four independent experiments. *P <​ 0.05 versus Ad-lacZ. (C) Confocal images of 
scramble or PTPIP51 shRNA-transfected cardiomyocytes loaded with Mito-Tracker Green and ER-Tracker Red. 
Bar charts are mean ICQ (left) and PCC (right). n =​ 69 frames in each group from three independent experiments. 
Scale bars: 7 μ​m and 3.5 μ​m (Merge). (D) TEM images of mitochondria-SR contacts in neonatal cardiomyocytes 
as indicated. Red lines are mitochondria-SR contacts. Scale bar: 500 nm. Low-magnification TEM image of 
PTPIP51 shRNA-transfected cardiomyocytes (right). Scale bar: 1 μ​m. Bar charts are % of the mitochondrial 
surface closely in contact with SR (upper) and mean distance between mitochondria and SR junction (bottom). 
n =​ 43–45 frames in each group from four independent experiments. *P <​ 0.05 versus scramble group.
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control to 0.32 in PTPIP51 knockdown cardiomyocytes (Fig. 5C). Similarly, electron microscopy analysis showed 
a 32.6% decrease in the mitochondria-SR contact ratio in PTPIP51 knockdown cardiomyocytes compared with 
scramble control cells. Surprisingly, PTPIP51 knockdown also increased the distance between mitochondria and 
SR, from about 20 nm in scramble control cardiomyocytes to about 25 nm in PTPIP51 knockdown cells (Fig. 5D). 
These results support our hypothesis that PTPIP51 regulates mitochondria-SR junction sites in cardiomyotyes.

Moreover, we measured mitochondria-SR junction in PTPIP51 knockdown hearts. Similar with measure-
ment in isolated cardiomyocytes, electron microscopy analysis of PTPIP51 knockdown hearts revealed decreased 
mitochondria-SR contact (Fig. 6A). The contact ratio of mitochondria-SR membrane in PTPIP51 knockdown 

Figure 6.  PTPIP51 knockdown decreased mitochondria-SR contacts in mouse hearts. (A) TEM images 
showing mitochondria-SR ultrastructure. Orange lines are the mitochondria/SR/T-tubulecomplex. Zoomed 
images highlight the junctions among T-tubule (TT, green), SR (yellow), and mitochondria (Mito, Red). Scale 
bars: 1 μ​m (two left images), 500 nm (two right upper images), and 200 nm (two right bottom images). (B) Ratio 
of mitochondria-SR contact length/mitochondrial circumference in cardiomyocytes from sh-scramble and sh-
PTPIP51 hearts. (C) Mitochondria-SR junction distance in cardiomyocytes from sh-scramble and sh-PTPIP51 
hearts. (D) Numbers of mitochondria volume density in cardiomyocytes from sh-scramble and sh-PTPIP51 
hearts. (E) Numbers of tethered mitochondria in 100 randomly selected mitochondria in cardiomyocytes from 
sh-scramble and sh-PTPIP51 hearts. n =​ 16, 18 frames in each group from four pairs of mouse hearts. *P <​ 0.05 
versus scramble hearts. (F) Schematic view of PTPIP51 regulation of cardiac ischemia/reperfusion through 
mediating the mitochondria-SR junction.
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hearts was decreased to half of that in scramble control hearts (Fig. 6B). And consistent with results from neonatal 
cardiomyocytes, PTPIP51 knockdown in the heart widened the distance between mitochondria and SR, from 
about 35 nm in scramble control hearts to about 50 nm in PTPIP51 knockdown hearts (Fig. 6C). In addition, 
although mitochondria volume density did not alter in scramble and PTPIP51 knockdown hearts (Fig. 6D), the 
number of mitochondria that contact SR reduced from 34 per 100 randomly selected mitochondria in scramble 
control hearts to 23 per 100 mitochondria in PTPIP51 knockdown hearts (Fig. 6E). Thus, our results from both 
isolated cardiomyocytes and heart tissues confirm the regulatory role of PTPIP51 on mitochondria-SR contact 
sites.

Discussion
We have demonstrated a pivotal role of PTPIP51 in regulating cardiac function during I/R through mediat-
ing mitochondria-SR contact sites and subsequently mitochondrial calcium and cell fate. PTPIP51 protein 
was upregulated in I/R hearts. Upregulated PTPIP51 increased the interaction between mitochondria and SR, 
which in turn caused overload of mitochondrial Ca2+ and eventually led to cardiomyocyte death. Knockdown 
of PTPIP51 or blockage of mitochondrial calcium flux by inhibiting MCU ameliorated H2O2- or PTPIP51 
overexpression-induced cardiomyocyte death. Most importantly, in vivo knockdown of PTPIP51 dramatically 
protected the heart from I/R injury (Fig. 6F).

PTPIP51 is expressed in multiple tissues including epithelial, skeletal muscle, nervous system, adipose, and 
cancer. Its biochemical structure and possible interacting proteins have been identified22,38. For instance, the 
expression of PTPIP51 was observed in human cancer cell lines such as liver carcinoma HepG2 and breast ade-
nocarcinoma MCF7, however, whether there is a causal relationship between PTPIP51 level and carcinogenesis is 
not clear23,38. In neurons and axons, PIPIP51 was predicted to play a role in axonal transport through mediating 
microtubular association based on its structural analysis23,39–41. More recently, PTPIP51 has been implicated in 
the pathogenesis of amyotrophic lateral sclerosis, a progressive motor neuron degenerative disease, and interac-
tion of PTPIP51 with VAPB was interrupted by TDP-43, a protein closely associated with amyotrophic lateral 
sclerosis30. In our present study, we found that PTPIP51 expression was upregulated in I/R mouse hearts, sug-
gesting a possible role of PTPIP51 in regulating ischemia-associated heart diseases. Indeed, we further demon-
strated that in vitro knockdown of PTPIP51 in cardiomyocytes or in vivo knockdown in the heart protected 
against H2O2-induced cardiomyocyte apoptosis or I/R-induced cardiac injury. Thus, for the first time, our find-
ings provide direct evidence for the pathological function of PTPIP51 in the heart. The mechanism of underly-
ing increased PTPIP51 expression in I/R heart, however, merits further investigation. One speculation is that 
alterations of cytokines during cardiac I/R, such as MAPK or NFκB pathway-related factors42–45, may contribute 
to increased PTPIP51 expression. Indeed, in vitro studies in cell lines showed that ciliaryneurotrophic factor, 
leukemia inhibitory factor, or RelA/Iκ​Bα​ negatively regulate expression of PTPIP5146,47. Moreover, cytokines 
involved in cardiac I/R such as MAPK and NFκB are also important players in ischemia conditioning protec-
tion. Whether regulating PTPIP51 protein level accounts for the conditioning cardioprotective effect is not 
clear, however, a better understanding of the regulatory mechanism of PTPIP51 expression may help to develop 
PTPIP51-related cardioprotective strategies.

Intracellular Ca2+ homeostasis is necessary for the maintenance of cardiac functions including contraction/
relaxation and cell metabolism, and disturbance of Ca2+ homeostasis is usually associated with cardiac I/R-related 
injury3,35. During cardiac I/R, excessive Ca2+ enters the mitochondrial matrix through mitochondrial Ca2+ uni-
porter MCU, which subsequently triggers the mPTP opening, causes excessive ROS production, and eventually 
leads to cardiomyocyte death and cardiac dysfunction11,32. We previously found that PTPIP51 primarily localizes 
on the mitochondrial surface through its N-terminal putative transmembrane motif and causes apoptosis in 
HEK293T and HeLa cells23. The present study further investigated the mechanisms underlying PTPIP51′​s apop-
totic effects in cardiomyocytes. We found that PTPIP51 caused increased basic mitochondrial Ca2+ and Ca2+ in 
response to SR Ca2+ release, which could be blocked by either pharmacological inhibition of MCU or molecular 
knockdown of MCU (Figs 3 and 4). More importantly, inhibition of MCU ameliorated PTPIP51-induced cardi-
omyocyte apoptosis (Fig. 4). Thus, the present study provides evidence showing that PTPIP51 serves as a novel 
protein target and contributes to the mitochondrial Ca2+ overload and disturbance of intracellular Ca2+ homeo-
stasis during cardiac I/R.

Mitochondria and ER are organelles that are in physical contact with each other, and this contact allows 
lipid and calcium exchange between both organelles48. Increasing evidence shows that the transfer of 
Ca2+ from ER to mitochondria through mitochondria-ER junction sites plays a pivotal role in the regula-
tion of mitochondria-dependent apoptosis13. For instance, the interaction between the ER protein B-cell 
receptor-associated protein 31 and the mitochondrial protein FIS1 facilitates the progression of cell apoptosis 
through triggering Ca2+ release from ER to mitochondria49. Recently, the central role of mitochondria-ER in mul-
tiple diseases such as neurodegenerative diseases and metabolic diseases has been recognized50,51. In Alzheimer 
disease, mutants of presenilins and amyloid precursors or protein were found to increase mitochondria-ER con-
tact and upregulate mitochondria-ER function, and the alteration of the mitochondria-ER connection can explain 
phenotypes associated with Alzheimer disease52. More recently, chronic enrichment of hepatic mitochondria-ER 
coupling has been reported to lead to mitochondrial dysfunction in obesity53. Here, our study found that in car-
diac I/R, increased PTPIP51 positively regulates mitochondria-SR contact, which in turn increases the uptake 
of Ca2+ into mitochondria, leading to mitochondrial Ca2+ overload and cell death. Consistent with our findings 
in the heart, interaction of PTPIP51 with ER protein VAPB was implicated in the pathogenesis of ALS, the neu-
rodegenerative disease with mitochondrial Ca2+ overload as one of the hallmarks24,54. The mechanism of how 
PTPIP51 tethers mitochondria with SR is still an open question and needs further investigation. The most likely 
possibility is that PTPIP51 on the outer mitochondrial membrane directly interacts with adaptor proteins such 
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as VAPB or oxysterol-binding protein-related protein ORP5/ORP8 on SR, facilitating the tethering of these two 
organelles24,48. The homo-interaction between PTPIP51 on mitochondria and PTPIP51 on SR could also explain 
increased mitochondria-SR contact because PTPIP51 was also observed localizing at the ER and in the nucleus22.

In summary, our study found that cardiac I/R increased PTPIP51 expression, upregulated PTPIP51 protein 
caused cardiac injury through enhancing mitochondria-SR contact, increasing Ca2+ transfer from SR to mito-
chondria, causing mitochondrial Ca2+ overload and cardiomyocyte death. Knockdown of PTPIP51 dramatically 
protected the heart from I/R injury and improved cardiac function. Thus, this study reveals the role of PTPIP51 
in the heart for the first time, and provides a new therapeutic target for cardiac I/R-related diseases.

Methods
Mouse cardiac I/R model.  All procedures of animal handling were performed in accordance with animal 
use guidelines and approved protocols by the Institutional Animal Care and Use Committee of Peking University 
Health Science Center. Mouse cardiac I/R models were established using male C57BL/6 mice at the age of 8 weeks 
and following the protocol described previously55. Briefly, mice were mildly anesthetized by intraperitoneal injec-
tion of pentobarbital sodium (40 mg/kg). The fourth intercostal space over the left chest of the mouse was exposed 
and the heart was rapidly squeezed out of the thoracic space. The left main descending coronary artery at a site 
of about 3 mm from its origin was sutured and tied with a slip knot. The heart was then put back in the thoracic 
space and air was removed by pressing the thoracic wall to prevent pneumothorax. Thirty minutes after ischemia, 
the slip knot was released by pulling the outside end of the suture smoothly to re-perfuse the myocardium. 1, 6, 
12, and 24-h after reperfusion, the ventricular myocardium was harvested and prepared for experiments. Sham-
operated mice underwent a similar procedure except for suture tying.

Isolation and culture of rat neonatal cardiomyocytes.  Isolation and culture of neonatal rat cardiomy-
ocytes were performed as previously described56. Briefly, Spraque Dawley (postnatal 1–2 days) were euthanized 
using isoflurane inhalation followed by cervical dislocation. Then ventricles were digested in HBSS solution con-
taining 0.1% trypsin (Invitrogen, USA) and 0.05% type II collagenase (Worthington, USA). Cells were pre-plated 
for 2 h and the supernatant containing purified cardiomyocytes was collected and cultured for another 48–72 h 
before transfecting the adenovirus.

Generation of adenovirus.  The full-length cDNA of PTPIP51 (NM_001304802.1) was 
amplif ied by PCR with primers:  5 ′ ​-CACCATGTCTAGACTGGGAGCCCT-3 ′ ​ (forward) and  
5′​-TTAGTCTCGTAAAATGACTTCCAG-3′​ (reverse), the amplified product was then inserted into pENTR/
TEV/D-TOPO vector (Invitrogen). The newly constructed product was recombined with pAd/CMV/V5-DEST 
vector (Invitrogen). Target sequences for PTPIP51-shRNA was 5′​-GGACAAAGCCATTGAACTT-3′​,  
for  MCU-shRNA was 5 ′ ​-GCAAGGAGT T TCT T TCTCT T T-3 ′ ​,  and for  MFN2-shRNA was  
5′​-GGACCCAGTTACTACAGAAGA-3′​. shRNA sequences were inserted into pENTR™​/U6 vector and then 
recombined with pBLOCK-iT™​ 6-DEST vector. Adenovirus was produced with Adenoviral Expression System 
(Invitrogen) and purified using Vivapure®AdenoPACKTM20RT Kit (Sartorius).

Generation of mouse PTPIP51 knockdown model.  PTPIP51 shRNA was inserted into AAV9-ZsGreen, 
the highly efficient cardiac transfection AAV serotype, to construct the AAV9-ZsGreen-shPTPIP51 virus. 
2.0 ×​ 1011 plaque-forming units (pfu) of AAV9 (adeno-associated virus serotype 9 vector)-ZsGreen-shScramble 
and AAV9-ZsGreen-shPTPIP51 (designed and produced by Likeli, Beijing, China) were injected intravenously 
into 8-week-old C57BL/6 male mice. One month after virus injection, confocal and western blot of heart tissue 
were performed to confirm the knockdown efficiency.

Heart echocardiography.  Heart transthoracic echocardiography was committed before and after cardiac 
I/R surgery. Briefly, mice were anesthetized by intraperitoneal injection of pentobarbital sodium (40 mg/kg), then 
imaged in the left lateral decubitus position with a Vevo710 RMV-707B (Visualsonics) machine. 2-dimensional 
images were recorded in parasternal long- and short- axis projections, with guided M-mode recordings at the 
midventricular level. 3 beats from each projection were measured and averaged.

Immunoblotting.  Protein was extracted from mouse myocardium or cultured cardiomyocytes, totally 
40–100 μ​g protein were separated by SDS-PAGE, and transferred to PVDF membranes. Membranes were probed 
with indicated antibodies (anti-PTPIP51 from Abclonal, anti-α​ tubulin from Protein tech, anti-MCU from CST) 
overnight at 4 °C, and then incubated with secondary antibodies (IRDye-conjugated anti-mouse and anti-rabbit 
IgG from LI-COR) for 2 hours at room temperature. Immunoblots were evaluated using the Odyssey imaging 
system.

Cell death assay.  Neonatal cardiomyocytes were plated at a density of 5 ×​ 104cells/well in 6-well plates and 
transfected with adeno-PTPIP51 or adeno-lacZ, or with adeno-PTPIP51 shRNA or adeno-scramble in the pres-
ence of 200 μ​M H2O2for 12 h. Cells were harvested 48 h after adenovirus transfection and fixed with 4% para-
formaldehyde. Cell apoptosis was determined by flow cytometry using Annexin-V-FITC Apoptosis Detection Kit 
(Dojindo Laboratories, Japan)by flow cytometry analysis, or determined by TUNEL assay using In situ cell death 
detection kit (Roche, USA),following the manufacture’s instruction.

Confocal imaging of mitochondria and SR.  Cardiomyocytes were loaded with Mito-Tracker Green 
(0.2 μ​mol/L, 10 min) and ER-Tracker Red (1 μ​mol/L, 30 min) (Invitrogen). Confocal imaging was carried out 
with Zeiss LSM 710 confocal microscope equipped with a 40×​, 1.3NA oil immersion objective. Dual excitation 
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imaging of Mito-Tracker Green and ER-Tracker Red were achieved by excitation at 488 and 561 nm, and the 
emission was collected at 505–530 and >​560 nm respectively. Images were analyzed using ImageJ plug-in inten-
sity correlation analysis and Pearson correlation coefficient with blinded analyser57,58.

Immunostaining.  Neonatal rat cardiomyocytes were fixed in 4% paraformaldehyde at room temperature 
for 1 h, permeabilized with 0.2% Triton X-100 for 5 min, and blocked in PBS with 5% bovine serum albumin 
at RT for 30 min. Samples were incubated with indicated antibodies (Mouse-anti-Tom20 from Abcam and 
Rabbit-anti-PTPIP51 from Abclonal) at 4 °C overnight, washed in PBS, and then incubated with secondary anti-
bodies at 37 °C for 2 h. Imaging of PTPIP51 and Tom20 were acquired by excitation at 488 and 543 nm, and the 
emissions were collected at 505–530 and >​560 nm, respectively.

Measurement of cellular calcium signals.  Cardiomyocytes were loaded with cytosolic calcium probe 
Fluo-4 AM (5 μ​mol/L) or mitochondrial calcium probe Rhod-2 AM (5 μ​mol/L) at 37 °C for 15 min, then washed 
with Tyrode’s solution consisting of (in mmol/L) 137 NaCl, 5.4KCl, 1.2 MgCl2, 1.2 NaH2PO4, 10 D-glucose, and 
20 HEPES (pH 7.35–7.40, adjusted with NaOH). The Fluo-4 or Rhod-2 fluorescent signals were monitored by 
Zeiss LSM 710 confocal microscope. For Fluo-4 fluorescence, images were acquired by exciting at 488 nm and 
collecting the emission at 505–530 nm. 400 frames of 128 ×​ 128 pixels were collected at 0.244 s/frame in a bidi-
rectional scanning mode when cells were treated with caffeine; 200 frames of 512 ×​ 512 pixels were collected at 
1.94 s/frame when treated with FCCP. For Rhod-2 fluorescence, images were taken by exciting at 543 nm and col-
lecting the emission at >​560 nm. 200 frames of 512 ×​ 512 pixels were collected at 1.94 s/frame in a bidirectional 
scanning mode.

Transmission electron microscopy analyses.  Cardiomyocytes were fixed with 2% glutaraldehyde in 
sodium cacodylate buffer (0.1 mol/L, pH 7.2) at 4 °C overnight and post-fixed for 1 h in 1% osmium tetroxide. 
Cells were then stained for 1 h with 1% uranyl acetate in water before dehydration and embedding in TAAB resin. 
Digital images were acquired by a JEM-1230 High Contrast Transmission Electron Microscope and Soft Imaging 
system (JEOL, Japan). The circumference of each mitochondrion and the proportions of the mitochondrial sur-
face closely associated with SR (<​30 nm, distance for smooth SR-mitochondria with efficient calcium exchange)59 
were calculated at high resolution (40,000–80,000×​) obtained from PTPIP51 cDNA or shRNA transfected neona-
tal cardiac myocytes and the left ventricle myocardium of AAV9 sh-Scramble or AAV9 sh-PTPIP51-transfected 
mice. All clearly identified mitochondria were scored. To obtain an estimate of the minimum distance between 
sites of SR release and mitochondrial Ca2+ uptake, 5 random points from SR to the nearest mitochondrial outer 
membrane were drawn with straight lines and measured. Image analysis was performed using Image Pro Plus 6.0 
software (Media CybernerticsInc., USA).

Calculation of mitochondrial tethering and mitochondrial numbers.  Mean tether and mitochon-
dria density were measured from electron micrographs taken at 15,000–20,000x​ magnification. The numbers 
of tethers (T-Tubule/SR/Mitochondria macrocomplex) and mitochondria were measured from 18 to 20 ran-
dom non-overlapping regions that were randomly collected from four pairs of AAV9 sh-scramble and AAV9 
sh-PTPIP51-transfected mice. Mitochondria interacted points were counted in a 19 * 14 points lattice on 
11.9 ×​ 8.6 μ​m (15000X) EM image, and the volume density was defined as the ratio of interacted points to total 
points (N/266). The results presented were mean (±​SD) number of tethers/100mitochondria and mitochondrial 
volume density. Image analyses were performed using Image Pro Plus 6.0 software.

Reagents.  Fluo-4 AM, rhod-2 AM, Mito-Tracker, and ER-Tracker were from Invitrogen. Caffeine and Ru360 
were from Millipore, FCCP from Sigma.

Statistical analysis.  Data are presented as mean ±​ SEM. Statistical significance of differences between 
groups was analyzed by unpaired two-tailed Student’s t-test or one-way ANOVA followed by Bonferroni when 
more than two groups were compared, and nested ANOVA when cellular observations from several animals. 
P <​ 0.05 was considered statistically significant.
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