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We have previously demonstrated that ischemia/reperfusion
(I/R) impairs endoplasmic reticulum (ER)-based protein fold-
ing in the heart and thereby activates an unfolded protein
response sensor and effector, activated transcription factor
6� (ATF6). ATF6 then induces mesencephalic astrocyte-de-
rived neurotrophic factor (MANF), an ER-resident protein
with no known structural homologs and unclear ER function.
To determine MANF’s function in the heart in vivo, here we
developed a cardiomyocyte-specific MANF-knockdown mouse
model. MANF knockdown increased cardiac damage after I/R,
which was reversed by AAV9-mediated ectopic MANF expres-
sion. Mechanistically, MANF knockdown in cultured neonatal
rat ventricular myocytes (NRVMs) impaired protein folding in
the ER and cardiomyocyte viability during simulated I/R. How-
ever, this was not due to MANF-mediated protection from reac-
tive oxygen species generated during reperfusion. Because I/R
impairs oxygen-dependent ER protein disulfide formation
and such impairment can be caused by reductive stress in the
ER, we examined the effects of the reductive ER stressor DTT.
MANF knockdown in NRVMs increased cell death from
DTT-mediated reductive ER stress, but not from nonreduc-
tive ER stresses caused by thapsigargin-mediated ER Ca2�

depletion or tunicamycin-mediated inhibition of ER protein
glycosylation. In vitro, recombinant MANF exhibited chaper-
one activity that depended on its conserved cysteine residues.
Moreover, in cells, MANF bound to a model ER protein
exhibiting improper disulfide bond formation during reduc-
tive ER stress but did not bind to this protein during nonre-
ductive ER stress. We conclude that MANF is an ER chaper-
one that enhances protein folding and myocyte viability
during reductive ER stress.

The endoplasmic reticulum (ER) is a major site of the synthe-
sis of proteins that are critical for proper function of the heart,
including many calcium-handling proteins, receptors, and
secreted proteins, such as hormones, stem cell homing factors,

and growth factors (1, 2). Therefore, proper folding of proteins
synthesized in the ER of cardiac myocytes is essential for main-
taining optimal cardiac function. Furthermore, many post-
translational modifications occur in the ER, including disulfide
bond formation, which are critical for protein stability and
function (3). Disulfide bond formation in the ER, also known as
oxidative protein folding, is an oxygen-dependent process
(3–7). Some time ago, this led us to the hypothesis that ER
protein folding would be impaired in cardiac myocytes in
response to a lack of oxygen during pathophysiological condi-
tions of ischemia and ischemia/reperfusion (3, 4). Subse-
quently, it was demonstrated in cultured cardiac myocytes and
in mouse hearts, in vivo, that I/R disrupts protein folding in the
ER, leading to activation of the ER stress response, also called
the unfolded protein response (UPR) (3–5).

The UPR is controlled in all mammalian cells by several ER-
transmembrane sensors of ER protein misfolding, including the
adaptive transcription factor, ATF6 (8, 9). When protein syn-
thesis surpasses the capacity of the protein-folding machinery,
increases in misfolded proteins cause the translocation of the
ER-transmembrane, 90-kDa form of ATF6 to the Golgi, where
it is clipped, liberating an N-terminal fragment that, after
nuclear translocation, serves as a transcription factor. This
50-kDa active form of ATF6 regulates a gene program that is
responsible for the expression of numerous proteins that
enhance ER protein folding, which adaptively restores the bal-
ance between protein synthesis and folding (8, 9). We previ-
ously generated a transgenic mouse line in which ATF6 could
be activated at will, selectively in cardiac myocytes; using this
mouse line, we showed that ATF6 protected hearts from I/R
damage (10). Transcript profiling of these Atf6 transgenic
mouse hearts, as well as Atf6 knockout mouse hearts, defined
the ATF6 gene program in the heart; we posited that these
genes might contribute to the protective effects of ATF6 (11,
12). One of those genes encodes mesencephalic astrocyte-
derived neurotrophic factor (MANF), which was originally
isolated from astrocytes (13) but later found in all eukaryotic
cells examined to date. One of the striking features of MANF
is that it has a noncanonical but functional ER retention
sequence at the C terminus but otherwise shares little struc-
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tural homology with other proteins (14, 15). This finding spawned
our hypothesis that MANF exerts a unique function within the
ER to maintain ER protein folding and prevent myocyte death
during I/R; however, such a concept has not been studied.

Accordingly, here we examined the function of MANF in
the ER of cardiac myocytes. We found that, in cardiac myo-
cytes, MANF is protective under specific forms of pharma-
cological and pathophysiological ER stress and that MANF
exerts its protective effects by enhancing ER protein folding,
thus maintaining ER proteostasis. Mechanistically, we showed
that MANF exerts this effect, at least partly, by virtue of its
ability to serve as a chaperone. This finding was unexpected,
because MANF does not share significant structural features
with other chaperones. Further studies demonstrated that the
eight cysteine residues within the 158-aa MANF structure,
whose positions are conserved among all species of MANF
examined to date, are critical for its chaperone function, mainly
under reductive ER stress, consistent with the importance of
disulfide bond formation in ER protein folding. This study
establishes a new protective role for MANF in the ER of cardiac
myocytes in the heart and provides evidence that MANF medi-
ates protection and enhances ER protein folding selectively
during reductive ER stress.

Results

MANF loss of function in the heart increases cardiac damage
during ischemia/reperfusion injury

To determine the effects of MANF loss of function in the
heart, we generated a mouse model in which the �-MHC pro-
moter drives expression of a Manf-specific microRNA in a car-
diac myocyte–restricted manner. We elected to knock down
endogenous MANF instead of completely deleting it because
the deletion of many ER stress response genes has been shown
to lead to embryonic lethality (16). Immunoblotting of mouse
hearts showed that, compared with WT mice, MANF knock-
down (KD) mice exhibited a 4-fold reduction in MANF (Fig. 1,
A and B). As the effects of MANF knockdown on mouse heart
function have not been previously examined, basal cardiac
function was assessed by echocardiography. Compared with
WT mouse hearts, MANF KD mice exhibited increased ejec-
tion fraction; MANF KD female mice had slightly decreased left
ventricular systolic volume, whereas male MANF KD mice had
slightly increased left ventricular diastolic volume (Table 1). To
assess whether the increase in cardiac contractility elicited car-
diac pathology, mRNA levels of cardiac pathology markers
Nppa, Nppb, and Col1a1 and protein levels of ER stress markers
(i.e. GRP94 and GRP78) as well as hearts and lung weights from
WT and MANF KD mice were measured. Expression of ER
stress and cardiac pathology markers (Fig. 1 (A and C–G)) and
heart and lung weights (Fig. 1, H–J) were unaffected by MANF
knockdown. Overall, these results show that knocking down
MANF in cardiac myocytes of mouse hearts by �80% increases
contractility but does not induce any overt cardiac pathology.
Because no overt cardiac pathology was observed, we moved
forward to study the effects of MANF knockdown in patho-
physiological models of ER stress.

To determine the consequences of MANF knockdown on
myocyte viability during conditions known to induce ER stress,
adult mouse ventricular myocytes (AMVMs) were isolated
from WT and MANF KD mice and subjected to simulated
ischemia/reperfusion (sI/R), a model of pathophysiological ER
stress. Compared with WT myocytes, MANF KD myocytes
exhibited more death in response to sI/R (Fig. 1K). To examine
functional roles for MANF in the heart, WT and MANF KD
mouse hearts were subjected to ex vivo I/R (17). Compared with
WT mouse hearts, MANF KD mouse hearts exhibited signifi-
cantly lower functional recovery, significantly increased tissue
damage, and greater LDH release, the last of which is an indi-
cator of necrotic tissue damage (Fig. 1, L–P) (10), although in
this experiment this measure did not reach statistical signifi-
cance. These results indicate that MANF knockdown in the
heart decreases myocyte viability during I/R, resulting in in-
creased tissue damage and decreased cardiac function.

Re-expression of MANF reverses the effects of MANF
knockdown on cardiac damage following
ischemia/reperfusion

To determine whether ectopic expression of FLAG-
MANF could restore the functional and structural defects
observed in the MANF KD mice, we engineered a recombinant
adeno-associated virus serotype 9 (AAV9) (5, 12, 16) encoding
FLAG-MANF using nucleotide sequences that are not targeted by
the Manf-specific microRNA that is expressed in MANF KD
mouse hearts. We found that the hearts of MANF KD mice that
were treated with AAV9-FLAG-MANF had about the same level
of MANF as WT hearts (Fig. 2A). When hearts were subjected to
ex vivo I/R, compared with AAV9-Con–treated mice, AAV9-
FLAG-MANF–treated mice exhibited smaller infarcts, greater
contractile function, and less necrosis (Fig. 2, B–F). In fact, the
AAV9-FLAG-MANF completely restored these cardiac parame-
ters to those seen in WT mice. Thus, it is the depletion of endog-
enous MANF in the MANF KD mouse hearts that results in their
greater I/R injury and decreased cardiac function.

MANF improves ER proteostasis during reperfusion injury

Myocyte death can occur during ischemia as well as reperfu-
sion. To determine whether MANF could provide protection
under one or both of these conditions, we examined MANF
levels in cultured neonatal rat ventricular myocytes (NRVMs)
subjected to sI or sI/R. MANF levels increased upon sI and
further upon sI/R, suggesting that MANF could contribute to
preserving myocyte viability under either or both conditions
(Fig. 3A). To further examine functional roles for MANF, it was
knocked down using siRNA (Fig. 3B); we found that MANF
knockdown had no effect on cell death during sI (Fig. 3C); how-
ever, MANF knockdown increased cell death during reperfu-
sion, as indicated by the increased number of propidium iodide
(PI)-positive cells and release of HMGB1 into the culture
medium during reperfusion (Fig. 3, D, E (top), and F). Because
cell death in cardiac myocytes can be caused by reactive oxygen
species (ROS) generated during reperfusion injury (5, 18), we
examined whether MANF knockdown affected ROS during
sI/R, finding that MANF knockdown significantly increased
ROS under these conditions (Fig. 3G).
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Figure 1. Effect of MANF knockdown in the heart on expression of GRP94 and GRP78, expression of fetal genes, heart and lung weights, viability of isolated
adult mouse ventricular myocytes, and cardiac contractility. A, MANF, GRP94, GRP78, and �-actin immunoblots of mouse heart extracts from 10-week-old female
WT (n � 5) or MANF KD mice (n � 5). *, band of interest that was quantified in B–D. IgGH indicates position of immunoglobulin heavy chain. B–D, densitometry of
immunoblots shown in A. Band intensities were normalized to those for �-actin and displayed as -fold WT control level. E–G, fetal gene mRNA levels were determined
by RT-qPCR. H and I, heart weights were normalized to tibia length (H) or body weight (I). J, lung weights were normalized to body weight. Echocardiography data and
statistical analysis can be found in Table 1. K, myocytes were isolated from 10-week-old adult WT and MANF KD mice and then subjected to sI/R followed by
determination of cell viability. To determine percentage cell viability, the number of calcein AM–positive cells per field was divided by the total number of cells in the
same field. L–P, ex vivo I/R of WT and MANF KD mouse hearts. Hearts from female WT (n �3) or MANF KD (n �4) were subjected to ex vivo ischemia for 20 min, followed
by 60 min of reperfusion (I/R). L and M, LVDP upon reperfusion was normalized to the LVDP obtained during equilibration, the latter of which was set to 100%. L, plot
of individual LVDP time courses from different mouse hearts. M, average of the plots shown in L. N and O, heart sections were stained with TTC to assess the extent of
myocardial damage (N); shown is the average infarct size divided by area at risk (O). P, samples of ex vivo heart perfusates were obtained after 45 min of reperfusion and
then assayed for LDH activity relative to LDH activity in the equilibrium perfusate. *, statistically significant difference by Student’s unpaired t test, p � 0.05. Note that
GRP78 and GRP94 immunoblotting was performed using an anti-KDEL antibody. Error bars, S.E.
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Because ROS increased when MANF was knocked down in
sI/R-treated NRVMs, and because accumulation of cellular
ROS can result in ER stress (19), we investigated whether
MANF knockdown increased indicators of ER protein misfold-
ing during sI/R. One way to measure ER protein-folding status
is to examine the levels of ER chaperones, which are known to
increase when ER protein folding is impaired. Indeed, MANF
knockdown impaired ER protein folding during sI/R, as evi-
denced by increased expression of GRP94, GRP78, and PDIA6
(Fig. 3, E (bottom) and H). Thus, endogenous MANF enhances
myocyte viability, at least partly by contributing to maintaining
ER protein folding during sI/R. Because the increase in ROS
upon MANF knockdown might be responsible for increases in
protein misfolding and decreases in myocyte viability during
sI/R, we examined the effects of MANF knockdown on cell
viability in NRVMs treated with the ROS generator, H2O2 (5,
18, 20). Whereas MANF knockdown and H2O2 each decreased
myocyte viability, when examined together, their effects were
approximately additive (Fig. 4A), suggesting that MANF does
not directly protect against protein misfolding caused by ROS.
The probable independence of the effects of MANF knock-
down and H2O2 on NRVM viability was further supported by
a two-way ANOVA, which statistically demonstrated that
MANF knockdown and H2O2 independently affected viability.
Because MANF-mediated protection of myocytes did not
appear to involve mitigating the effects of ROS generated dur-
ing reperfusion, we examined whether MANF could protect
myocytes against other types of ER protein misfolding that
occur during I/R injury.

MANF acts as a chaperone to reduce ER protein misfolding
caused by reductive stress

Whereas ROS generated during I/R can result in protein mis-
folding, protein misfolding can also be caused by impaired
disulfide bond formation. Disulfide bonds, formed in nascent
ER proteins, are dependent on the presence of oxygen and the
optimal redox environment of the ER, which is likely to shift
toward a reductive environment during reperfusion, as the

ER redox machinery needs time to recover during oxygen
reintroduction, much like how mitochondria need time to
recover (6, 21–29). Accordingly, we assessed whether MANF
is protective during reductive stress by treating NRVMs with
the reducing agent, DTT. Additionally, for the sake of com-
parison with nonreductive forms of ER stress that also occur
during I/R (15, 30, 31), NRVMs were treated with thapsi-
gargin, which inhibits SERCA, reducing ER Ca2� and caus-
ing ER protein misfolding, or tunicamycin, which impairs ER
protein glycosylation required for folding and trafficking
of secreted and membrane-bound proteins through the clas-
sical secretory pathway (32–34). MANF knockdown and
DTT treatment separately decreased myocyte viability and
together appeared to synergistically decrease myocyte viabil-
ity (Fig. 4B), suggesting that MANF is required for optimal
myocyte viability during protein misfolding caused by reduc-
tive ER stress. In contrast to DTT, MANF knockdown and
thapsigargin (TG) treatment separately decreased myocyte
viability, and when combined, their effects on viability were
approximately additive (Fig. 4C), and MANF knockdown
had no effect on NRVM viability when under tunicamycin
(TM) treatment (Fig. 4D) These results suggest that MANF
is not required for optimal myocyte viability during protein
misfolding caused by nonreductive ER stress. Furthermore,
the synergistic effects of MANF knockdown and DTT treat-
ment, and lack thereof with TG or TM treatment, were also
supported by a two-way ANOVA.

We next considered whether MANF might bind to misfolded
ER proteins and perhaps act as a chaperone during reductive
stress. Accordingly, to examine whether MANF binds to
misfolded ER proteins during reductive stress, NRVMs were
infected with adenoviruses encoding FLAG-MANF and a
known misfolded ER protein, �1-antitrypsin (�1AT �CT) (35–
38), and then treated with TG or DTT. The decreased expres-
sion of FLAG-MANF and �1AT �CT during treatment with
TG and DTT (Fig. 4E, FLAG IB and �1AT �CT IB) is probably
due to the global repression of translation of mRNAs encoding
non-ER stress response genes that takes place during ER stress
(4, 39, 40). When cell lysates were subjected to FLAG immuno-
precipitation (IP) followed by FLAG or �1AT �CT immuno-
blotting (IB), it was apparent that MANF co-immunoprecipi-
tated with misfolded �1AT �CT, but only upon treatment with
DTT and not TG (Fig. 4E). Thus, MANF appears to improve ER
protein folding during DTT-mediated (reductive) ER stress,
but not during ER Ca2� depletion-mediated (nonreductive) ER
stress. Additionally, these results were also observed in HeLa
cells, indicating that MANF also exerts this function in noncar-
diac cells (Fig. 4F).

We next examined whether MANF acts as a chaperone.
Chaperones are defined as any protein that interacts with, sta-
bilizes, or helps another protein to acquire its functionally
active conformation, without being present in its final structure
(41). In this regard, the two well-established properties of chap-
erones are their abilities to inhibit aggregation of unfolded pro-
teins and to fold proteins into their final functional conforma-
tions (41, 42). Accordingly, we tested the ability of recombinant
MANF (rMANF) to inhibit the aggregation of insulin and
�-lactalbumin and to refold citrate synthase into its active con-

Table 1
Echocardiographic parameters of WT and transgenic (MANF KD) mice
FS, fractional shortening; EF, ejection fraction; LVEDV, left ventricular end diastolic
volume; LVESV, left ventricular end systolic volume; LVIDD, left ventricular inner
diameter in diastole; LVIDS, left ventricular inner diameter in systole; PWTD, left
ventricular posterior wall thickness in diastole; PWTS, left ventricular posterior wall
thickness in systole; AWTD, left ventricular anterior wall thickness in diastole;
AWTS, left ventricular anterior wall thickness in systole; LV mass, left ventricular
mass; HR, heart rate in beats per minute (bpm). Statistical analyses used Student’s
unpaired t test. *, p � 0.05, difference between WT and transgenic MANF KD mice
of the same sex.

Parameter
Female WT

(n � 6)
Female MANF

KD (n � 7)
Male WT

(n � 6)
Male MANF
KD (n � 7)

FS (%) 39.80 � 3.11 50.47 � 0.75* 36.89 � 1.87 45.96 � 1.72*
EF (%) 70.61 � 2.72 82.62 � 0.74* 67.91 � 2.35 77.82 � 1.83*
LVEDV (�l) 53.17 � 2.37 49.82 � 3.25 41.83 � 3.02 56.93 � 3.86*
LVESV (�l) 15.97 � 2.18 8.74 � 0.87* 13.18 � 0.72 12.99 � 1.94
LVIDD (mm) 3.58 � 0.09 3.40 � 0.06 3.22 � 0.10 3.66 � 0.10
LVIDS (mm) 2.10 � 0.14 1.65 � 0.11* 2.02 � 0.04 1.98 � 0.11
PWTD (mm) 0.89 � 0.05 0.77 � 0.06 0.92 � 0.07 1.05 � 0.14
PWTS (mm) 1.15 � 0.06 1.32 � 0.08 1.25 � 0.12 1.45 � 0.07
AWTD (mm) 0.85 � 0.06 0.95 � 0.11 1.03 � 0.07 0.94 � 0.04
AWTS (mm) 1.45 � 0.07 1.58 � 0.06 1.43 � 0.07 1.56 � 0.08
LV mass (mg) 99.16 � 8.22 92.65 � 7.72 106.75 � 6.94 124.01 � 14.04
HR (bpm) 472.96 � 2.98 458.69 � 5.51 473.88 � 11.14 453.20 � 4.58
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formation, as these are commonly employed in vitro chaperone
assays (42–44). rMANF decreased the aggregation of both insu-
lin and �-lactalbumin in a concentration-dependent manner
(Fig. 4, G and H) and was able to restore activity to unfolded,
inactive citrate synthase, as did the positive control, recombi-
nant GRP78 (Fig. 4I). Taken together, the results in Fig. 4 indi-
cate that during reductive ER stress, MANF binds to misfolded
ER proteins and acts as a chaperone.

The conserved cysteine residues of MANF are required for its
chaperone function

To more deeply dissect the chaperone function of MANF, we
wished to introduce mutations in regions of MANF predicted

to contribute to its chaperone function as a loss-of-function
approach. To determine where to make such mutations, we
assessed whether MANF bears any structural similarity to
regions of other, well-studied chaperones, with an aim to
mutate such areas in MANF. However, after extensive infor-
matics assessment using standard techniques (Table S1), we
found that, compared with the known chaperones (35, 37, 42,
45–55), which align well and cluster together (Fig. 5 (A and B),
black), MANF exhibited poor alignment with most of the chap-
erone families tested, falling outside the 95% confidence inter-
val of sequence similarity to the chaperones tested (Fig. 5 (A and
B), red). Because our comparative informatic analysis did not
reveal any obvious domains that are shared between MANF

Figure 2. Effect of MANF re-expression in MANF KD mouse hearts on cardiac damage and contractility following I/R. AAV9-Con or AAV9-FLAG-MANF
was administered to WT and MANF KD mice by tail vein injection. Seven days later, male hearts were extracted and subjected to MANF and �-actin immuno-
blotting (A), and female hearts were subjected to ex vivo I/R (B–F). For ex vivo I/R, hearts from WT mice injected with AAV-Con (n � 3) or MANF KD mice injected
with AAV-Con (n � 4) or AAV-FLAG-MANF (n � 4) were subjected to 20 min of ex vivo global ischemia and then 60 min of reperfusion. B and C, LVDP upon
reperfusion was normalized to the LVDP obtained during equilibration, the latter of which was set to 100%. B, plot of individual LVDP time courses from
different mouse hearts. C, average of the plots shown in B. D and E, heart sections were stained with TTC to assess myocardial damage (D); shown is the average
infarct size divided by area at risk (E). F, samples of perfusate were obtained after 45 min of reperfusion to assess LDH activity relative to LDH activity in the
equilibrium perfusate. *, statistically significant difference from all other groups by two-way ANOVA followed by Tukey’s post hoc analysis, p � 0.05. These
experiments were performed twice using separate cohorts of mice. Error bars, S.E.
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and other chaperones, we aligned MANF across several differ-
ent species in search of conserved potentially functional
regions. In doing so, we observed that the cysteine residues of
MANF are conserved across MANF from all species (Fig. 6A).

Because MANF protects against DTT-induced reductive ER
stress, and because cysteine residues are susceptible to reduc-
tion during DTT treatment, we focused on examining the
functional roles of the cysteine residues in MANF. Accordingly,

Figure 3. Effect of sI and sI/R on MANF expression and the effect of MANF knockdown on myocyte death, ROS generation, and expression of ER stress
markers during sI/R. A, immunoblots of MANF and GAPDH from NRVMs subjected to 8 h of sI or 8 h of sI followed by 24 h of simulated reperfusion (sI/R). Band
intensities were normalized to those for GAPDH and displayed as -fold control level. *, statistically significant difference from control by Student’s unpaired t
test, p � 0.05. #, statistically significant difference from all other groups by one-way ANOVA followed by Newman–Keuls post hoc analysis. B, immunoblots of
MANF and GAPDH from NRVMs transfected with siCon or siManf demonstrating MANF knockdown. Band intensities were normalized to those for GAPDH and
displayed as -fold control level. *, statistically significant difference by Student’s unpaired t test, p � 0.05. C and D, siCon- or siManf-transfected NRVMs were
subjected to 12 h of sI (C) or 6 h of sI followed by 24 h of reperfusion (sI/R) (D), and percentage cell death was assessed by staining cell cultures with Hoechst
33342 and PI and dividing the number of PI-positive cells by the number of Hoechst-positive cells in a given field. E, HMGB1 immunoblots of the culture
medium indicating cell death and immunoblots of GRP94, GRP78, PDIA6, and GAPDH from NRVMs transfected with siCon or siManf and subjected to sI/R. F,
densitometry of HMGB1 immunoblot shown in E. G, siCon- or siManf-transfected NRVMs were subjected to sI/R followed by ROS measurement with CellROX.
H, densitometry of GRP94, GRP78, PDIA6, and GAPDH immunoblots shown in E. Band intensities of GRP94, GRP78, and PDIA6 were normalized to those for
GAPDH and displayed as -fold control level. * and #, statistically significant difference from all other groups by two-way ANOVA followed by Tukey’s post hoc
analysis, p � 0.05. Note that GRP78, GRP94, and PDIA6 immunoblots were performed using an anti-KDEL antibody. Error bars, S.E.
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we generated a construct encoding FLAG-MANF in which the
8 cysteine residues are mutated to alanine (Fig. 6B, FLAG-
MANFMut.). Immunocytofluorescence demonstrated that both
FLAG-tagged forms of MANF co-localized with the ER-resi-
dent chaperone, GRP78 (Fig. 6, C and D), confirming that
ectopically expressed MANF is properly located. We found that
whereas FLAG-MANFWT can form a complex with misfolded
�1AT �CT, in the ER, FLAG-MANFMut. was unable to form
this complex (Fig. 6E). Moreover, we found that, in contrast to
rMANFWT, rMANFMut. did not exhibit chaperone activity (Fig.
6, F and G). These results are consistent with the hypothesis

that the cysteine residues of MANF contribute to its chaperone
function, at least in part by forming complexes with misfolded
proteins in the ER.

Whereas we observed expression of mutant MANFMut. in
Escherichia coli, which allowed us to make enough of the
recombinant protein to test in this study, and we were able to
demonstrate its proper localization in NRVMs, we were unable
to demonstrate significant expression of FLAG-MANFMut. in
the hearts of AAV9-FLAG-MANFMut.–treated mice or in
NRVMs infected with AAV9-FLAG-MANFMut. (data not
shown). Accordingly, because of the very low expression levels

Figure 4. Effect of MANF loss of function and pharmacological ER stressors on myocyte viability, effect of TG or DTT on FLAG-MANF and �1AT
co-immunoprecipitation, and effect of rMANF on protein aggregation and folding. A–D, NRVMs were transfected with siCon or siManf, and after 72 h, cells
were treated with H2O2 (A), DTT (B), TG (C), TM (D), or vehicle. Viability was then assessed by an MTT assay. * and #, statistically significant difference from all other
groups by two-way ANOVA followed by Tukey’s post hoc analysis, p � 0.05. E, NRVM cultures were co-infected with adenoviruses encoding FLAG-MANF and
�1AT �CT, as shown, and treated with TG or DTT for 1 h. Cell extracts were subjected to SDS-PAGE followed by immunoblotting for FLAG or �1AT �CT. The cell
extracts were also subjected to FLAG IP followed by SDS-PAGE and then IB for FLAG or �1AT �CT, as shown. F, HeLa cell cultures were co-transfected with
plasmid constructs encoding FLAG-MANF and/or �1AT-HA �CT, as shown. The cell extracts were subjected to SDS-PAGE followed by immunoblotting for HA
or FLAG. The cell extracts were also subjected to FLAG IP followed by SDS-PAGE and then IB for FLAG or HA, as shown. G, effect of rMANF at low (7.8 �M) or high
(23.4 �M) concentrations on the aggregation of insulin (113 �M). H, effect of rMANF at low (14 �M) or high (28 �M) concentrations on the aggregation of
�-lactalbumin (14 �M). I, effect of recombinant GRP78 (1 �M) or MANF (1 �M) on activity of heat-denatured citrate synthase (1 �M). Citrate synthase activity is
displayed as fold heat-denatured control level. * and #, statistically significant difference from all other groups by one-way ANOVA, p � 0.05, followed by
Newman–Keuls post hoc analysis. Error bars, S.E.
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of FLAG-MANFMut. in cultured cardiac myocytes and in the
mouse heart, in vivo, we were unable conduct experiments
assessing whether the cysteine residues of MANF are required
for its function in vivo or in NRVMs.

Discussion

Although MANF was discovered more than 15 years ago,
details about its function, especially in ER protein folding,
remain unclear. We have previously demonstrated that, like
several ATF6-inducible ER-resident proteins, MANF possesses
a C-terminal retention signal that contributes in part to its ER
localization (14, 15). Additionally, several ATF6-inducible ER-
resident proteins interact with the chaperone GRP78 to main-
tain ER proteostasis (35, 46), and we previously demonstrated
that MANF is also induced by ATF6 and directly interacts with
GRP78 (15). Accordingly, here we focused our studies of
MANF in cardiac myocytes, in vitro and in vivo, under reduc-

tive and nonreductive ER stress to determine what role MANF
plays in ER protein folding.

MANF maintains proteostasis in cardiac myocytes during
reperfusion injury

We have previously demonstrated that during ischemia,
ATF6 up-regulates genes that encode ER-resident chaperones,
such as GRP78 and GRP94, which are protective by contribut-
ing to ER protein folding, and we have shown that during I/R,
ATF6 up-regulates genes encoding antioxidant proteins, such
as catalase (4, 5), which neutralize ROS generated during rep-
erfusion injury. Here, in vivo we observed that MANF loss of
function decreases myocyte viability and cardiac function fol-
lowing I/R injury. Because the function of MANF to this point
was unknown, it was important to dissect during which phase of
I/R MANF exerts its function, because ATF6 up-regulates
genes that are protective during both phases (4, 5, 56). Here we
found that MANF was dispensable for cardiac myocyte viability
during simulated ischemia but was critical for myocyte viability
following I/R. Additionally, we observed that MANF knock-
down did not sensitize NRVMs to oxidative stress mediated by
H2O2, suggesting that the protective function of MANF was
separate from oxidative stress and ROS generation associated
with reperfusion injury. Furthermore, we observed that I/R in
combination with MANF knockdown increased expression of
GRP78, GRP94, and another ATF6-inducible chaperone and
protein disulfide isomerase, PDIA6 (55), demonstrating for the
first time that MANF exerts its protective function by main-
taining ER protein folding during reperfusion.

MANF exerts its chaperone and protective functions in a
stimulus-specific manner

We have recently demonstrated that the genes in cardiac
myocytes that are induced by ATF6 are stimulus-specific (i.e.
the ER stress response is tuned depending on what type of ER
protein folding challenge the cell is facing) (12). Additionally, it
has been demonstrated previously that various components of
the ER protein-folding machinery have dedicated roles in main-
taining ER protein folding and/or dedicated client proteins in
the ER (45). To determine how MANF could maintain ER pro-
tein folding during reperfusion injury, we pharmacologically
mimicked nonreductive and reductive ER stress using TG or
TM and DTT, respectively (23, 25, 27, 30, 57). We observed that
MANF was required for myocyte viability during reductive ER
stress, but it was dispensable during nonreductive ER stress.
Furthermore, we found that MANF forms a complex with the
misfolded protein �1AT �CT during reductive, but not during
nonreductive, ER stress. These results are consistent with find-
ings from our laboratory and others that the ER stress response
can be protective in a stimulus-specific manner (58, 59) and
demonstrate that MANF exerts its protective function under
specific proteotoxic stimuli. Because we also showed that
MANF prevents the aggregation of disulfide-containing pro-
teins (35, 43, 60), it seems likely that MANF plays a role in the
folding of client proteins that form disulfide bonds as part of
their final functional conformations.

Figure 5. Sequence homology between MANF and known chaperone
and co-chaperone orthologs or homologues. A and B, Clustal sequence
identity analysis of MANF and various chaperones (A) and co-chaperones (B).
Error bars, 95% confidence intervals.
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MANF represents a novel class of chaperones

One of the most studied ER chaperones is GRP78, also
known as BiP (37, 52). GRP78 plays a central role in ER protein
folding in almost all cells in which it has been studied, including
in cardiac myocytes (61, 62). Whereas it has been known for
some time that ER stress, and in particular, ischemia, induces
Grp78 in the heart (3–5), the importance of this chaperone in
heart function has not been studied in depth until relatively
recently, where Grp78 overexpression and deletion have dem-
onstrated the adaptive and protective roles for Grp78 in mouse
models of ischemic and hypertrophic heart disease (61, 62). We
previously showed that Grp78 and MANF interact directly with
each other in cardiac myocytes (14, 15). Moreover, another
study has shown that MANF interacts with Grp78 in vitro in a
way that affects the chaperone activity of Grp78 in a manner
predicted to improve ER proteostasis, in vivo (63). In combina-
tion with that study, our results here demonstrate that MANF
can improve ER protein folding by interacting with Grp78, and
MANF can act as a chaperone itself, suggesting that there may
be multiple ways that MANF improves ER protein folding and
cardiac myocyte viability during reductive stresses, such as I/R
and DTT. This is an unanticipated role for MANF, because our
informatics analysis indicated that, from a structural viewpoint,
MANF does not share domains with other well-known chaper-
ones, indicating that MANF may be a new type of chaperone.
However, because MANF resides in the ER of cardiac myocytes,
the chaperone function of MANF complements the roles of
other ER chaperones with which MANF likely collaborates to
maintain ER proteostasis.

In conclusion, our study extends our understanding of
MANF function in an in vivo model of cardiac pathology, dem-
onstrating that MANF plays an important role in ER protein
folding within cardiac myocytes, where it protects myocytes
from reductive stress (Fig. 6H). This protective function likely
depends on the cysteine residues in MANF, which are required
for its chaperone activity in vitro and for its ability to bind to
misfolded proteins in the ER in cells, consistent with a role for
MANF as an adaptive responder to reductive stress in the ER of
cardiac myocytes during cardiac pathology.

Experimental procedures

Laboratory animals

The research reported in this paper has been reviewed and
approved by the San Diego State University Institutional Ani-
mal Care and Use Committee, and it conforms to the Guide for
the Care and Use of Laboratory Animals published by the
National Research Council.

Plasmid generation

Construct 1: pcDNA3.1(�) mouse MANF—The ORF of
mouse Manf (NM_029103) was amplified by PCR and then
ligated into the XhoI and HindIII sites of the multiple cloning
site of pcDNA3.1(�).

Construct 2: pcDNA3.1(�) mouse MANF signal sequence—
Using construct 1 as a template, PCR was carried out to
introduce an NheI restriction site and Kozak sequence and
an ApaI restriction site into the 5� and 3� ends, respectively,
of the PCR-amplified product coding for the signal sequence
MWATRGLAVALALSVLPDSRA. This PCR product and
pcDNA3.1(�) were digested with NheI and ApaI and ligated
together. The ApaI site is immediately followed by sequen-
tial XbaI and XhoI restriction sites.

Construct 3: pcDNA3.1(�) 3x-FLAG—A version of pcDNA3.1(�)
containing an N-terminal 3x-FLAG sequence was constructed
by annealing the following oligonucleotides: 5�-ctagcGCCAT-
GGACTACAAAGACCACGACGGTGATTATAAAGATCA-
CGATATCGATTACAAGGATGACGATGACAAGt-3� and
5�-ctagaCTTGTCATCGTCATCCTTGTAA-TCGATATC-
GTGATCTTTATAATCACCGTCGTGGTCTTTGTAGT-
CCATGGCg-3�.

The NheI and XbaI overhangs of the annealed oligonucleo-
tides were used to ligate the product into the XbaI site of
pcDNA3.1(�), resulting in the creation of 3x-FLAG-pcDNA3.1,
as described previously (64).

Construct 4: pcDNA3.1(�) mouse MANF signal sequence �
3x-FLAG—Using construct 3 as a template, PCR was per-
formed to introduce XbaI and XhoI sites to the 5� and 3� ends,
respectively, of the region coding for the 3x-FLAG tag, DYKD-
HDGDYKDHDIDYKDDDDK. This PCR product and con-
struct 2 were digested with XbaI and XhoI and ligated together
to create a construct encoding the MANF signal sequence fol-
lowed by 3x-FLAG.

Construct 5: pcDNA3.1(�) mouse MANF signal sequence �
3x-FLAG � MANFWT (referred to hereafter as FLAG-MANFWT)—
Using construct 1 as a template, PCR was performed with
the following primers: forward, 5�-GGAACGCTCGAGCTGC-
GGCCAGGA-GAC-3�; reverse, 5�-GGAGCTGACACGGAA-
GAT-3� (pcDNA3.1(�) reverse primer).

The resulting PCR product and construct 4 were digested
with XhoI and HindIII and ligated together to generate a con-
struct encoding the MANF signal sequence followed by
3x-FLAG and MANF, with the following amino acid sequence:
MWATRGLAVALALSVLPDSRAGPSRDYKDHDGDYKDH-
DIDYKDDDDKLELRPGDCEVCISYLGRFYQDLKDRDVTSS-
PATIEEELIKFCREARGKENRLCYYIGATDDAATKIINE-

Figure 6. Effect of mutation of the conserved cysteine residues in MANF on MANF redox status and chaperone function. A, alignment of MANF
sequences from different species. Highlighted in yellow are the positions of cysteine residues, the positions of which are conserved across the species shown.
B, diagram of FLAG-MANFWT and FLAG-MANFMut. constructs indicating cysteine-to-alanine mutations. C and D, immunocytofluorescence of FLAG-MANF.
NRVMs were transfected with siManf targeted to the 3�-UTR of the Manf transcript, followed by infection with AdV-FLAG-MANFWT (C) or AdV-FLAG-MANFMut.
(D) and then treated with tunicamycin to induce GRP78 expression. NRVMs were then examined by immunocytofluorescence for GRP78 (green) and FLAG-
MANF (red). Nuclei are indicated by TOPRO staining (blue). E, duplicate HeLa cell cultures were co-transfected with plasmid constructs encoding FLAG-MANFWT
or FLAG-MANFMut. and �1AT-HA �CT and treated with DTT. The cell extracts were subjected to reducing SDS-PAGE followed by immunoblotting for �1AT-HA
�CT (�45 kDa) or FLAG-MANF (�20 kDa). The cell extracts were also subjected to FLAG IP followed by nonreducing SDS-PAGE to maintain possible disulfide
bonds between MANF and other proteins and then IB HA (bottom). (Note the FLAG-MANF/�1AT-HA �CT complex shown at �65 kDa). F, effect of recombinant
MANFWT (23.4 �M) or MANFMut. (23.4 �M) on aggregation of insulin (113 �M). G, effect of recombinant MANFWT (21 �M) or MANFMut. (21 �M) on aggregation of
�-lactalbumin (14 �M). * and #, statistically significant difference from all other groups by one-way ANOVA, p � 0.05, followed by Newman–Keuls post hoc
analysis. H, diagram depicting the function and mechanism of action of endogenous MANF in the heart resulting from this study. Error bars, S.E.
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VSKPLAHHIPVEKICEKLKKKDSQICELKYDKQIDLSTVD-
LKKLRVKELKKILDDWGEMCKGCAEKSDYIRKINELMPK-
YAPKAASARTDL.

Construct 6: pcDNA3.1(�) mouse MANF signal sequence �
3x-FLAG � MANFMut. (referred to hereafter as FLAG-
MANFMut.)—To mutate all eight cysteines in mouse MANF to
alanine, serial site-directed mutagenesis was performed with
the following primers: cysteines at positions 27 and 30, 5�-
CGGCCAGGAGACGCTGAAGTTGCTA-TTTCTTATCT-
GG-3� and 5�-CCAGATAAGAAATAGCAACTTCAGCG-T-
CTCCTGGCCG-3�; cysteines at positions 61 and 72, 5�-CTT-
ATAAAGTTTGCCCGTGAAGCAAGAGGCAAAGAGAA-
TCGGTTGGCCTACTACATTGGAG-3� and 5�-CTCCAAT-
GTAGTAGGCCAACCGATTCTCTTTGCCTCTTGCTTC-
ACGGGCAAACTTTATAAG-3�; cysteines at positions 103
and 114, 5�-GTGGAAAAGATCGCTGAGAAGCTGAAG-
AAGAAAGACAGCCAGATCGCTGAACTAAAATC-3� and
5�-GTATTTTAGTTCAGCGATCTGGCTGTCTTTCTT-
CTTCAGCTTCTCAGCGATCTTTTCCAC-3�; cysteines at
positions 148 and 151, 5�-GACTGGGGGGAGATGGCCAA-
AGGCGCTGCAGAAAAGTCTG-3� and 5�-CAGACTTTTC-
TGCAGCGCCTTTGGCCA-TCTCCCCCCAGTC-3�.

Construct 7: pcDNA3.1(�) 3x-HA—A version of pcDNA3.1(�)
encoding a C-terminal 3x-HA sequence was constructed by
sequentially annealing and ligating the following oligonucleo-
tides into pcDNA3.1(�). The first set of oligonucleotides were
annealed and digested with EcoRI and BamHI before ligation
into pcDNA3.1(�) to generate a form of pcDNA3.1(�) encod-
ing a C-terminal 1x-HA: 5�-GAATTCTACCCATACGATGT-
TCCAG-ATTACGCTTAATGAGGATCC-3� and 5�-GGAT-
CCTCATTAAGCGTAATCTGGA-ACATCGTATGGGTA-
GAATTC-3�.

The second set of oligonucleotides were annealed and
directly ligated into the EcoRI site into the above vector
pcDNA3.1(�) encoding a C-terminal 1x-HA: 5�-AATTCTAT-
CCGTATGACGTACCTGACTATGCGGGCTATCCCTAT-
GACGTGCCGGACTATGCAC-3� and 5�-AATTGTGCATA-
GTCCGGCACGTCATAGGGATAGCCCGCATAGTCAGG-
TACGTCATACGGATAG-3�.

Constructs 8 and 9: �1AT—A construct encoding human �-1
antitrypsin (A1AT, NCBI RefSeq NM_000295) was generated
by PCR using the appropriate primers to create an amplicon
with XhoI on the 5� end of the start site and with a termination
codon and EcoRI on the 3� end. This PCR product was cloned
into the pCDNA3.1 vector (construct 8) or pcDNA3.1 vector
modified to encode a C-terminal 3x-HA epitope (construct 9).

Constructs 10 and 11—To generate constructs encoding
mutant �1 antitrypsin (36), �1AT �CT (construct 10) and
�1AT-HA �CT (construct 11), site-directed mutagenesis was
performed with the following primers: 5�-CAATGGGGCTG-
ACCTCCGGGGTCACAG-3� and 5�-CTGTGACCCCGG-
AGGTCAGCCCCATTG-3�.

Generation of MANF knockdown (MANF KD) transgenic mice

An oligonucleotide coding for an RNA hairpin targeting
the mouse MANF transcript was cloned into the �-MHC
vector, a gift from J. Robbins (University of Cincinnati). The
�MHC-MANF KD construct was linearized and injected

into the pronuclei of fertilized B6D2F1 (Harlan Sprague–
Dawley) embryos. The resulting TG mice were back-crossed
into the FVB background strain for at least 10 generations:
MANF KD hairpin sequence, 5�-TGCTGTTATCTTCCGG-
ATATAGTCAGGTTTTGGCCACTGACTGACCTGACT-
ATCCGGAAGATAA-3�.

Animals were genotyped by isolating DNA from tail biopsies
and performing PCR with the following primers: forward
primer targeting the �MHC promoter, 5�-CGGCACTCTTA-
GCAAACCTC-3�; reverse primer, 5�-CAGATCTGGGCCAT-
TTGTTC-3�.

AAV9 preparation and tail vein injection

To generate recombinant AAV9-control and AAV9-FLAG-
MANFWT, shuttle vectors for these recombinants were con-
structed and co-transfected with AAV9 helper, pDG-9 (a gift
from Dr. Roger Hajjar) into HEK293T cells to produce virus, as
described previously (65). The shuttle vector pTRUF12-CMV
was constructed by modifying pTRUF12 (a gift from Dr. Roger
Hajjar) by first removing the region encoding GFP that was
downstream of the internal ribosome entry site. New restric-
tion sites were inserted into the multiple cloning site to include
NheI, PmeI, XhoI, and MluI. The coding region of FLAG-
MANFWT (construct 5, above) was excised and ligated into
the NheI and HindIII restriction sites of the shuttle vector
pTRUF12-CMV. To reduce recognition of the AAV9-mediated
FLAG-MANF transcripts by the MANF KD hairpin, silent
mutations were introduced into the pTRUF12-CMV plasmid
by site-directed mutagenesis with the following primers: 5�-
GCAGAAAAGTCTGATTACATTAGGAAAATCAATGAA-
CTGATGC-3� and 5�-GCATCAGTTCATTGATTTTCCTA-
ATGTAATCAGACTTTTCTGC-3�.

To prepare the recombinant AAV9, HEK293T cells were
plated at a density of 8 	 106 cells/T-175 flask and maintained
in Dulbecco’s modified Eagle’s medium (DMEM)/F-12 con-
taining 10% FBS, penicillin/streptomycin at 37 °C, and 5% CO2.
For each virus preparation, 48 flasks were used. Twenty-four
hours after plating, cultures were transfected using polyethyl-
eneimine “Max” (molecular weight 40,000, Polysciences, cata-
log no. 24765) as follows. For each T-175 flask, 15 �g of helper
plasmid and 5 �g of pTRUF12 plasmid were mixed with 1 ml of
DMEM/F-12 (no antibiotics) and 160 �l of polyethyleneimine
(0.517 mg/ml), vortexed for 30 s, and incubated for 15 min at
room temperature. This was then mixed with 18 ml of DMEM/
F-12 containing 2% FBS, penicillin/streptomycin and then used
to replace the medium on the cultures. The cultures were then
rocked intermittently for 15 min before being placed in a CO2
incubator. Three days later, the cells collected from six T-175
flasks were centrifuged at 500 	 g for 10 min and then resus-
pended in 10 ml of lysis buffer (150 mM NaCl, 50 mM Tris-HCl).
The resuspended cells were then subjected to three rounds of
freeze-thaw, followed by treatment with Benzonase (1500 units
of Benzonase; Novagen) and 1 mM MgCl2 at 37 °C for 30 min.
The cell debris was collected by centrifugation at 3400 	 g for
20 min. The supernatant obtained from six T-175 flasks con-
taining the AAV9 was then purified on an iodixanol gradient
comprised of the following four phases: 7.3 ml of 15%, 4.9 ml of
25%, 4 ml of 40%, and 4 ml of 60% iodixanol (Optiprep, Sigma-
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Aldrich) overlaid with 10 ml of cell supernatant. The gradients
were centrifuged in a 70Ti rotor (Beckman Coulter) at 69,000
rpm for 1 h using OptiSeal Polyallomer Tubes (Beckman
Coulter). Virus was collected by inserting a needle 2 mm below
the 40 – 60% interface and collecting four or five fractions (�4
ml) of this interface and most of the 40% layer. The fractions
were analyzed for viral content and purity by examining 10 �l of
each fraction on a 12% SDS-polyacrylamide gel (Bio-Rad), fol-
lowed by staining with InstantBlue (Expedeon) to visualize the
viral capsid proteins, VP1, VP2, and VP3. The virus was then
collected from the fractions of several gradients, and the
buffer was exchanged with lactated Ringer’s using an ultra-
filtration device, Vivaspin 20, 100 kDa molecular weight cut-
off (GE Healthcare). The final viral preparation was then
fractionated on a 12% SDS-polyacrylamide gel, stained with
Coomassie Blue (Expedeon, catalog no. ISB1L), and then
compared with a similarly stained gel of a virus of a known
titer (an analogous control AAV9 with a CMVenhMLC800
composite promoter with no downstream ORF). To admin-
ister recombinant AAV, mice were injected via tail vein with
100 �l of 37 °C heated lactated Ringer’s solution containing
1011 genome-containing units/mouse.

Adenovirus (AdV) generation

The AdEasy system was used for preparing recombinant
adenoviral strains using methods described previously (2, 3).
Recombinant AdV encoding FLAG-MANFWT was produced
by excising the coding region of FLAG-MANFWT (constructs 5
and 6 above) and then ligating it into a version of the adenovirus
shuttle vector, pAdTrack-CMV, that does not contain the GFP
coding region. Recombinant AdV encoding �1AT �CT was
produced by excising the coding region of �1AT �CT (con-
struct 10 above) and then ligating it into a version of the ade-
novirus shuttle vector, pAdTrack-CMV, containing the GFP
coding region. pAdTrack-CMV-FLAG-MANFWT and pAdTrack-
CMV-�1AT �CT (36) were linearized and then co-trans-
formed with the adenoviral vector, pAdEasy-1, into E. coli
strain BJ5183. This strain of E. coli allows for homologous
recombination of pAdEasy-1 and the pAdTrack-CMV shuttle
vector containing the gene of interest. Recombinants were
selected on kanamycin and screened by restriction digestion
with PacI. Recombinant plasmids were then retransformed into
E. coli DH5� for propagation purposes. To generate recombi-
nant adenoviruses, these recombinant adenoviral plasmids
were linearized with PacI and then transfected into 293 human
embryonic kidney cells using Lipofectamine� (Life Technolo-
gies, Inc.). The recombinant viruses were then harvested 7–10
days post-infection. Viral titers were determined by qPCR as
compared with a virus of a known titer.

Culturing of neonatal rat ventricular myocytes (5, 16)

NRVMs were prepared from 1–3-day-old Sprague–Dawley
rat hearts using a neonatal cardiomyocyte isolation system (cat-
alog no. LK003300, Worthington). Myocytes were then puri-
fied on a discontinuous Percoll density gradient. Briefly, iso-
lated cells were counted and then collected by centrifugation at
250 	 g for 5 min in an Eppendorf 5810R using the swinging
bucket rotor. 40 – 60 million cells were then resuspended in 2

ml of 1	 ADS buffer (116 mM NaCl, 18 mM HEPES, 845 �M

NaHPO4, 5.55 mM glucose, 5.37 mM KCl, 831 �M MgSO4,
0.002% phenol red, pH 7.35 � 0.5). Stock Percoll was prepared
by combining 9 parts of Percoll (catalog no. 170891-02, GE
Healthcare) with 1 part of clear (without phenol red) 10	 ADS.
The stock Percoll was used to make the Percoll for the top
(density � 1.059 g/ml; 1 part Percoll stock added to 1.2 parts
clear 1	 ADS) and bottom (density � 1.082 g/ml; 1 part Percoll
stock added to 0.54 parts red 1	 ADS) layers. The gradient,
consisting of 4 ml of top Percoll and 3 ml of bottom Percoll, was
set in a 15-ml conical tube by pipetting the top Percoll first and
layering the bottom Percoll gently underneath, and the cells (in
2 ml of red 1	 ADS buffer) were layered on the top. Subse-
quently, the Percoll gradient was centrifuged at 1500 	 g for 30
min with no deceleration brake at 4 °C. The isolated myocytes,
which concentrated in the layer located between the lower red
ADS layer and the middle clear ADS layer, were carefully col-
lected and washed twice with 50 ml of 1	 ADS and were then
resuspended in plating medium and counted. This procedure is
also effective for purifying myocytes that have been isolated
by trypsin digestion, as described previously (1). Following
Percoll purification, myocytes were plated at the desired
density on plastic culture plates that had been pretreated
with 5 �g/ml fibronectin in DMEM/F-12 (catalog no. 11330-
32, Invitrogen) at 37 °C for 1 h in a 5% CO2 incubator. Cul-
tures were then maintained in DMEM/F-12, supplemented
with 10% FBS and antibiotics (100 units/ml penicillin and
100 �g/ml streptomycin).

NRVM plating density

In experiments where cell viability was assessed by a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay, NRVMs were plated at 7.5 	 104 cells/well on 48-well
dishes with 250 �l of culture medium/well (Corning, catalog
no. 3548; 0.95 cm2 of growth area/well). For sI/R experiments,
NRVMs were plated at 6 	 105 cells/well on 12-well dishes with
1 ml of culture medium/well (Corning, catalog no. 3513; 3.8
cm2 of growth area/well).

siRNA transfection of neonatal rat ventricular myocytes

Twenty-four hours after plating, NRVMs were transfected
with control siRNA or siRNA targeting the Manf mRNA. In
brief, siRNAs were diluted to a concentration of 120 nM in
DMEM/F-12 supplemented with 0.5% (v/v) FBS 0.675% (v/v)
HiPerfect reagent (Qiagen, catalog no./ID 301704) without
antibiotics. The resulting solutions were incubated for 15 min
at room temperature (21 °C). NRVMs were incubated with the
relevant siRNA solutions for 16 h (125 �l/well on 48-well plates,
500 �l/well on 12-well plates), after which the medium was
changed to DMEM/F-12 supplemented with 2% FBS and antibi-
otics (250 �l/well on 48-well plates, 1 ml/well on 12-well plates) for
72 h, after which cultures were subjected to ER stress treatments,
simulated ischemia, or simulated ischemia/reperfusion.

siRNA sequences

siRNA sequences were as follows: Integrated DNA Technol-
ogies negative control DsiRNA, 5 nmol, catalog no. 51-01-14-
04; Manf siRNA sequences, Integrated DNA Technologies
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siRNA, 20 �M stock, 3�-UTR custom synthesis, 5�-UGGGCU-
CCUGACAAUGAGAUGUGAA-3�. siRNAs were dissolved in
molecular grade H2O to a 20 �M stock concentration.

NRVM cell viability assay following ER stress or H2O2

treatments (16)

Following siRNA transfection, medium from NRVMs plated
on 48-wells was replaced with DMEM/F-12 supplemented with
antibiotics and 10 �g/ml TM, 4 �M TG, 2 mM DTT (250
�l/well) for 12–24 h or 180 �M H2O2 for 5 h. Following treat-
ment, culture medium was replaced with fresh 250 �l/well
DMEM/F-12 supplemented with antibiotics and 180 �g/ml
MTT labeling reagent (Millipore–Sigma/Roche catalog no.
11465007001) from a 5 mg/ml stock solution using PBS. Cul-
tures were incubated for a further 4 h at 37 °C. The MTT-con-
taining medium was manually pipetted away from the wells,
and 50 �l of DMSO was added to each culture well. The absor-
bance at 560 nm of the resulting solution was measured on clear
round-bottom 96-well plates using a VersaMax microplate
reader.

Simulated ischemia/reperfusion (4)

To simulate ischemia, NRVM cultures (6 	 105 cells/well on
12-well culture dishes) were washed twice with 0.5 ml of pre-
warmed (37 °C) serum-free and glucose-free DMEM (Thermo
Fisher Scientific, catalog no. A1443001) supplemented with
antibiotics; after washing, cultures were incubated in 1 ml of
serum-free and glucose-free DMEM with antibiotics at 0.1% O2
for 6 –12 h in a hypoxia chamber with an oxygen controller.
Parallel control cultures were maintained at �20 –21% O2 in
serum-free and glucose-free DMEM supplemented with anti-
biotics and 17.5 mM glucose. To simulate reperfusion, serum-
free and glucose-free medium was replaced with DMEM/F-12,
supplemented with 1 mg/ml BSA (Sigma–Aldrich, catalog no.
A6003) and antibiotics for 24 h.

Intracellular reactive oxygen species measurement (5)

The levels of intracellular ROS were determined with the
CellROX Orange fluorescent dye (Thermo Fisher Scientific,
catalog no. C10443). After 8 h of sI and 1 h of reperfusion,
NRVMs were incubated with 5 �M CellROX Orange for 20 min
at 37 °C in DMEM/F-12, supplemented with 1 mg/ml BSA
(Sigma–Aldrich, catalog no. A6003) and antibiotics and then
washed three times with PBS (1 ml/well). PBS was replaced
with DMEM/F-12 supplemented with 1 mg/ml BSA (Sigma–
Aldrich, catalog no. A6003) and antibiotics. Cultures were then
imaged using an IX70 fluorescence microscope (Olympus, Mel-
ville, NY). Fluorescence intensity in a field was measured with
ImageJ software, which was normalized to the number of cells
in that field to yield the mean cell fluorescence.

NRVM cell death assay (4)

Following 12 h of sI or 6 – 8 h sI and 24 h of simulated reper-
fusion (sI/R treatment), 2 �l of a 10 mg/ml PI stock solution and
1 �l of a 1 mg/ml stock solution of Hoechst 33342 were added to
22 �l of DPBS. The total 25 �l were then added directly to a well
of a 12-well culture dish, which was then incubated for no more
than 5 min at 37 °C. Cultures were then imaged using an IX70

fluorescence microscope (Olympus, Melville, NY). Numbers of
PI- and Hoechst-positive cells were counted using ImageJ. For
cultures subjected to simulated ischemia alone, we observed
that it was important to keep the imaging time under 30 min to
prevent increased cell death from the rapid onset of reperfusion
injury (66).

NRVM immunocytofluorescence

NRVMs were plated at �1.25 	 105 cells on fibronectin-
coated 4-chamber glass slides (Falcon). After siRNA transfec-
tion and adenovirus treatment as described above, slides were
washed two times with 0.5 ml/well ice-cold DPBS. Slides were
then fixed with 4% paraformaldehyde in DPBS on ice for 15
min. Slides were then washed three times with ice-cold DPBS (5
min/wash), followed by permeabilization with 0.5% Triton
X-100, 3 mM EDTA for 10 min on ice, and then washed three
times with DPBS (5 min/wash) and blocked for 1 h with Super-
block. Slides were then incubated with primary antibodies
diluted in Superblock (Thermo Fisher Scientific, catalog no.
37515) for 16 h at 4 °C. Primary antibodies used for staining
NRVMs were anti-FLAG (1:200; Sigma catalog no. F1804) and
anti-GRP78 (C-20, 1:30; catalog no. SC-1051, Santa Cruz Bio-
technology). Slides were subsequently washed six times with
ice-cold DPBS (5 min/wash) and then incubated at room
temperature, in the dark for 90 min, with the appropriate fluo-
rophore-conjugated secondary antibodies (Jackson Immuno-
Research Laboratories, West Grove, PA) diluted in Superblock,
including Cy3-conjugated anti-mouse IgG (1:250) or FITC-
conjugated anti-goat IgG (1:250). Slides were subsequently
washed six times with ice-cold DPBS (5 min/wash). Nuclei were
counterstained for 1 min with Topro-3 (1:1000; Thermo Fisher
Scientific). Slides were subsequently washed six times with ice-
cold DPBS. Images were obtained using laser-scanning confo-
cal microscopy on an LSM 710 confocal laser-scanning micro-
scope (Carl Zeiss, Oberkochen, Germany).

Immunoblotting

Medium was removed from 12-well culture dishes, and
adherent cells were washed with ice-cold DPBS and then lysed
with 60 –100 �l of cell lysis buffer composed of 20 mM Tris (pH
7.5), 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1	 protease/
phosphatase inhibitor mixture (Roche Applied Science, catalog
no. 05892791001). Lysates were scraped and transferred to
microcentrifuge tubes and stored at �80 °C. Mouse hearts were
excised, washed briefly in ice-cold DPBS, and snap-frozen in
liquid nitrogen. Approximately 20 mg of frozen tissue was
extracted in 250 �l of ice-cold tissue homogenization buffer
composed of 20 mM Tris (pH 7.5), 150 mM NaCl, 1% Triton
X-100, 1% SDS, and 0.5% sodium deoxycholate with 1	 prote-
ase/phosphatase mixture. Following determination of protein
concentration of clarified cell or tissue extracts using the BCA
protein assay kit (Bio-Rad, catalog no. 5000111), between 5
and 40 �g of protein extracts or 25 �l of cell culture medium
were subjected to reducing SDS-PAGE and then electroeluted
onto polyvinylidene difluoride membranes. Membranes were
blocked for 30 min at room temperature in 5% nonfat instant
dry milk dissolved in TBS containing 1% Tween 20 (TBST) with
gentle rocking. Membranes were probed with rabbit MANF
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antiserum at 1:1000 (anti-ARMET, catalog no. ab67203,
Abcam; anti-MANF, catalog no. SAB3500384, Sigma-Aldrich),
a mouse KDEL antiserum at 1:8000 (ENZO Life Sciences, cat-
alog no. ADI-SPA-827), a mouse FLAG antibody at 1:8000
(Sigma–Aldrich, catalog no. F1804), an HMGB1 antiserum at
1:1000 (Abcam, catalog no. 18256), an HA antibody at 1:1000
(Santa Cruz Biotechnology, catalog no. sc-7392), an �1AT anti-
serum at 1:2000 (Dako, catalog no. A0012), and a mouse
GAPDH antiserum at 1:6,000,000 (Fitzgerald, catalog no. 10R-
G109a). Antibodies were diluted in 5% milk dissolved in TBST.
Membranes were incubated with antibody solutions for 12–16
h at 4 °C. Membranes were then washed three times for 15 min
in TBST and then incubated for 1 h at room temperature with
the appropriate horseradish peroxidase– conjugated anti-IgG
(Jackson ImmunoResearch Laboratories, Inc.) diluted at 1:2000
in 5% milk dissolved in TBST. Membranes were then washed
three times for 15 min with gentle rocking in TBST, subjected
to enhanced chemiluminescence, and exposed to autoradiog-
raphy film or imaging using an ImageQuant 4000 from GE
Healthcare Life Sciences. Immunoblots were quantified using
ImageJ software densitometry.

FLAG immunoprecipitation

HeLa Cells were maintained in DMEM supplemented with
10% FBS and antibiotics not allowing confluency to surpass
80%. HeLa cells were resuspended at 6 	 106 cells/400 �l of
ice-cold Dulbecco’s PBS and electroporated with 1–20 �g of
the relevant plasmids in a 0.4-cm gap electroporation cuvette at
250 V and 950 microfarads using a GenePulser II Electropora-
tor (Bio-Rad). The cells were then plated at a density of 3 	 106

cells on a 10 cm dishes and incubated for 24 h in DMEM sup-
plemented with 10% FBS and antibiotics. Transfected HeLa cell
cultures were then treated for 1 h with vehicle or 2.5 mM DTT in
serum-free DMEM/F-12 supplemented with antibiotics.
NRVMs plated at 1 	 106 cells per well on 6-well culture dishes
were incubated with with the relevant adenoviruses suspended
in DMEM/F:12 supplemented with 2% FBS and antibiotics for
24 h. NRVMs were then treated for 1 h with vehicle, 2 �M TG, or
2.5 mM DTT in serum-free DMEM/F-12 supplemented with
antibiotics. The culture medium containing TG or DTT was
then removed, and cultures were briefly washed with ice-cold
DPBS containing 20 mM N-ethylmaleimide (NEM; Sigma–
Aldrich, catalog no. E376). Cultures were then lysed with cell
lysis buffer composed of 20 mM Tris (pH 7.5), 150 mM NaCl, 1%
Triton X-100, 20 mM NEM, and 1	 protease/phosphatase
inhibitors. The resulting cell lysates were then clarified by cen-
trifugation at 20,000 	 g. Between 80 and 200 �g of clarified
protein cell extracts were diluted to 0.5–1 �g of protein/�l
using cell lysis buffer composed of 20 mM Tris (pH 7.5), 150 mM

NaCl, 1% Triton X-100, 20 mM NEM, and 1	 protease/phos-
phatase inhibitors (maximum volume of 200 �l in 1.5-ml
microcentrifuge tubes). 1 �g of FLAG antibody (Sigma–Al-
drich; catalog no. F1804) was added to the resulting solutions,
which were then gently rocked overnight (�16 h) at 4 °C. To
this mixture, 20 �l of protein A–agarose beads (50% slurry) that
had been prewashed with ice-cold lysis buffer (20 mM Tris (pH
7.5), 150 mM NaCl, 1% Triton X-100) were added to each
microcentrifuge tube. The resulting mixture was gently rocked

for 2 h at 4 °C. The beads were sedimented to the bottom of the
microcentrifuge tubes by centrifugation at 4000 	 g for 1–2
min at 4 °C. The supernatant was removed with a 1-ml Pipet-
man pipette without disrupting the sedimented beads. The
beads were then washed with 1 ml of ice-cold lysis buffer and
sedimented by centrifugation at 4000 	 g for 1–2 min at 4 °C.
This process was repeated two more times. To elute the FLAG-
immunoprecipitated complexes, the isolated beads were incu-
bated with 30 �l of cell lysis buffer composed of 20 mM Tris (pH
7.5), 150 mM NaCl, 1% Triton X-100, 1	 protease/phosphatase
inhibitors, and 300 �g/ml FLAG peptide. The resulting mixture
was gently rocked for 3 h at 4 °C, and the eluate was separated
from the beads by centrifugation at 4000 	 g for 1–2 min at
room temperature (19 –21 °C). The eluates were then subjected
to reducing or nonreducing SDS-PAGE on a 4 –12% gradient
polyacrylamide gel and then electroeluted onto polyvinylidene
difluoride membranes. Membranes were blocked for 30 min at
room temperature in 5% nonfat instant dry milk dissolved in
TBS containing 1% Tween 20 (TBST) with gentle rocking.
Membranes were probed with a mouse FLAG antibody at
1:8000 (Sigma–Aldrich, catalog no. F1804), an HA antibody at
1:1000 (Santa Cruz Biotechnology, catalog no. sc-7392), or an
�1AT antiserum at 1:2000 (Dako, catalog no. A0012).

Purification of recombinant WT and mutant forms of
6x-His–tagged MANF

BL21 E. coli were transformed with constructs (prSET-B,
Invitrogen catalog no. V351-20) encoding 6x-His–tagged
MANFWT or MANFMut and then maintained in 1 liter of Luria
broth with 50 mg/liter ampicillin at 37 °C and 300 rpm until
reaching an A600 of 0.6 – 0.7. Isopropyl �-D-1-thiogalactopyra-
noside was added to the culture flask to a final concentration of
1 mM, and cultures were incubated at 37 °C and 300 rpm for an
additional 4 h. Cells were then collected by centrifugation at
4 °C and 4000 rpm for 30 min in an Eppendorf 5810R using the
swinging bucket rotor. The cells were then frozen at �20 °C
until the next step in the process. Cell pellets were thawed and
then resuspended in 100 ml of Buffer Z (8 M urea, 100 mM NaCl,
20 mM HEPES, pH 8.0, and 20 mM imidazole), after which they
were subjected to 10 rounds of sonication. Each round con-
sisted of 20 s of sonication, followed by placement of the cells in
an ice-water bath for at least 1 min. Lysates were clarified by
centrifugation at 3220 relative centrifugal force for 15 min at
10 °C. The lysate was then applied to a pre-equilibrated 2.5-ml
nickel-nitrilotriacetic acid nickel affinity column at room tem-
perature (Qiagen, Valencia, CA). The column was then washed
with 200 ml of Buffer Z and then eluted with 10 ml of Buffer Z
to which 250 mM imidazole had been added. The eluate was
then applied to PD-10 desalting columns (GE Healthcare Life
Sciences, catalog no. 17085101) (2.5 ml/column) that had
been equilibrated with PBS. The PD-10 eluates were then con-
centrated using Centricon Plus-70 centrifugal filter units
(Millipore–Sigma, catalog no. UFC701008). The protein con-
centration was calculated using the BCA protein assay kit as
described above and verified by SDS-PAGE and Coomassie
Blue staining (Expedeon, catalog no. ISB1L).
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Lactalbumin aggregation assay (44)

Reduced �-lactalbumin (rLA) was prepared by dissolving
�-lactalbumin (Sigma–Aldrich, catalog no. L6010) to a concen-
tration of 18.28 �M (2.55 mg/ml) in phosphate buffer (14 mM

KH2PO4, 86 mM Na2HPO4, and 150 mM KCl, pH 7.5) contain-
ing 2.5 mM EDTA and 5 mM DTT for 30 min at 21 °C.

Denatured BSA was prepared by dissolving BSA (Sigma–
Aldrich, catalog no. A6003) to a concentration of 210 �M (13.97
mg/ml) in 7.2 M guanidine hydrochloride dissolved in phos-
phate buffer and incubation at 21 °C overnight.

To initiate rLA aggregation, rLA was mixed with the dena-
tured BSA at a final concentration of 14 �M rLA and 2.6 �M BSA
in phosphate buffer. rMANF forms were added to the rLA and
BSA mixture at final concentrations of 14 –28 �M, after which
samples were added to a clear 96-well round-bottom plate (100
�l/well), and absorbance at 360 nm was observed as a function
of time using a VersaMax microplate reader set to 37 °C.

Insulin aggregation assay (43)

Insulin (Sigma–Aldrich, catalog no. I0516) was diluted to a
final concentration of 113 �M (0.652 mg/ml) in phosphate
buffer composed of 100 mM potassium phosphate (KH2PO4),
2.5 mM EDTA, pH 7.0, with or without 330 �M DTT, with or
without 7.8 –23.4 �M rMANF. Samples were transferred to a
96-well clear round-bottom plate (100 �l/well), and absorbance
at 360 nm was observed as a function of time using a VersaMax
microplate reader set to 21 °C.

Citrate synthase activity assay (42)

Citrate synthase (catalog no. C3260, Sigma–Aldrich) was
suspended at 1 �M in TSC buffer composed of 10 mM Tris-HCl
(pH 7.2), 150 mM NaCl, and 5 mM CaCl2 and kept on ice. An
aliquot of the TSC/citrate synthase solution was incubated at
50 °C for 1 h to cause denaturation. Recombinant GRP78
(ProSpec, catalog no. HSP-037, HSPA5) or MANF was added at
1 �M to the TSC/citrate synthase solution after denaturation
and incubated at 25 °C for 0.5–1 h. To measure the enzyme
activity of citrate synthase, the TSC/citrate synthase solution
was rapidly diluted 80-fold into a solution of TE (50 mM Tris, 2
mM EDTA, pH 8.0) containing 0.204 mM 5,5�-dithiobis-(2-ni-
trobenzoic acid) (Sigma-Aldrich, catalog no. D8130), 0.204 mM

oxaloacetic acid (Sigma–Aldrich, catalog no. O9504), and 0.306
mM acetyl-CoA (Sigma–Aldrich, catalog no. A2056). Citrate
synthase activity was assessed by measuring the absorbance of
the solution at 412 nm over time, using a VersaMax microplate
reader set to 29 °C.

RT-qPCR

Total RNA was isolated from mouse hearts using the RNeasy
Mini kit (Qiagen). cDNA synthesis was performed using the
SuperScript III First-Strand Synthesis System (Thermo Fisher
Scientific). RT-qPCR was performed using Maxima SYBR
Green/ROX qPCR Master Mix in a StepOnePlus RT-PCR sys-
tem (Thermo Fisher Scientific). The following primers were
used: Manf, 5�-TGGGTGCGTTCTTCGACAT-3� (forward)
and 5�-GACGGTTGCTGGATCATTGAT-3� (reverse); �-ac-
tin, 5�-GACGGCCAGGTCATCACTAT-3� (forward) and

5�-GTACTTGCGCTCAGGAGGAG-3� (reverse); Gapdh, 5�-
ATGTTCCAGTATGACTCCACTCACG-3� (forward) and 5�-
GAAGACACCAGTAGACTCCACGACA-3� (reverse); Nppa,
5�-TTGTGGTGTGTCACGCAGCT-3� (forward) and 5�-
TGTTCACCACGCCACAGTG-3� (reverse); Nppb, 5�-AAGT-
CGGAGGAAATGGCCC-3� (forward) and 5�-TTGTGAGGC-
CTTGGTCCTTC-3� (reverse); Col1a1, 5�-AAGACGGGAGG-
GCGAGTGCT-3� (forward) and 5�-TCTCACCGGGCAGAC-
CTCGG-3� (reverse).

Isolation and simulated ischemia treatment of AMVMs (5)

Briefly, hearts were rapidly cannulated via the ascending
aorta, mounted on a perfusion apparatus, and retrograde-per-
fused at 3 ml/min for 4 min at 37 °C with heart medium (Joklik
modified minimum essential medium, catalog no. M-0518
(Sigma–Aldrich), supplemented with 10 mM HEPES, 30 mM

taurine, 2 mM DL-carnitine, 20 mM creatine, 5 mM inosine, 5 mM

adenosine, and 10 mM butanedione monoxime, pH 7.36). Col-
lagenase digestion of hearts was performed by perfusing for 13
min with heart medium supplemented with type 2 collagenase
(50 – 60 mg; �320 units/ml, catalog no. LS004176, Worthing-
ton) and 12.5 �M CaCl2. Hearts were removed from the cannula
and submerged in 2.5 ml of effluent collected off the heart dur-
ing the collagenase digestion and dissociated using forceps.
Collagenase was neutralized by adding 2.5 ml of heart medium
supplemented with 10% FBS, and the final concentration of
CaCl2 was adjusted to 12.5 �M. Cells were dissociated further by
gently triturating for 4 min. The cell suspension was then fil-
tered through a 100-�m mesh filter, and myocytes were
allowed to sediment by gravity for 6 min at room temperature.
The supernatant containing nonviable cells and nonmyocytes
was discarded, and the remaining myocytes were resuspended
in 5 ml of heart medium containing 5% FBS and 37.5 �M CaCl2.
The concentration of CaCl2 in this suspension was slowly
increased in a careful stepwise manner as follows: step 1, 50 �l
of 10 mM CaCl2 added, mixed gently, and allowed to sit for 4
min; step 2, step 1 repeated; step 3, 100 �l of 10 mM CaCl2
added, followed by a 4-min wait; step 4, 80 �l of 100 mM CaCl2
added, followed by a 4-min wait. Cells were resuspended in
plating medium (MEM (catalog no. 12350-039, Thermo Fisher
Scientific), 1	 insulin-transferrin-selenium (catalog no. 41400-
045, Thermo Fisher Scientific), 10 mM HEPES, 100 units/ml
penicillin, 100 �g/ml streptomycin, 10 mM butanedione mon-
oxime, and 4% FBS). Cells were plated at 5 	 104 cells/well in
12-well culture plates coated with laminin (10 �g/ml). After at
least 2 h, the medium was changed to maintaining medium
(MEM, 1	 insulin-transferrin-selenium, 10 mM HEPES, 1.2
mM CaCl2, 0.01% BSA, 25 �M blebbistatin). Cells were used for
experiments 12–18 h later. To subject myocytes to simulated
ischemia/reperfusion, the medium was changed to glucose-free
DMEM (catalog no. A14430-01) with dialyzed FBS and antibi-
otics and incubated at 0.1% O2 for 3 h in a hypoxia chamber
with an oxygen controller. Following 3 h of simulated ischemia,
the medium was switched to reperfusion medium for 24 h (1	
MEM containing 1	 insulin, transferrin, and selenium in
10 mM HEPES, 1.2 mM CaCl2, and 0.1 mg/ml BSA with no
blebbistatin).
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AMVM cell viability assay (Calcein AM staining) (5)

Following TG or sI/R treatment, Calcein AM (Thermo
Fisher Scientific, catalog no. C1430) dissolved at 1 mg/ml in
DMSO was diluted 1:1000 directly into culture wells. Cultures
were then incubated for 10 min at 37 °C. Viable NRVMs or
AMVMs were identified as calcein AM–positive, and images
were obtained using an IX70 fluorescence microscope (Olym-
pus, Melville, NY). Numbers of viable, calcein AM-positive cells
were counted using ImageJ. Parallel control cultures were
maintained at �20 –21% O2 in simulated ischemia medium
supplemented with 17.5 mM glucose.

Ex vivo global ischemia/reperfusion (5, 10)

Briefly, age-matched (10 –11 weeks of age) WT and MANF
KD TG mice were injected intraperitoneally with heparin (500
units/kg), and after 10 min, mice were anesthetized with
sodium pentobarbital (150 mg/kg). Hearts were isolated and
rinsed with ice-cold modified Krebs–Henseleit buffer, the aor-
tas were cannulated, and the hearts were mounted onto a Lan-
gendorff perfused heart apparatus. Hearts were perfused by
gravity at a constant pressure of 80 mm Hg, and a pressure
sensor balloon was inserted into the left ventricle through the
left atrium. Left ventricular developed pressure (LVDP,
mm Hg) was assessed using Powerlab software (10). Hearts
were equilibrated for 30 min while submersed in buffer at 37 °C
and paced at 400 Hz and 0.5 mA. Hearts were subjected to
global no-flow ischemia without pacing for 20 min and then
reperfused for 60 min.

LDH assay (10)

LDH release from isolated perfused hearts was assayed using
a CytoTox 96� nonradioactive cytotoxicity assay from Pro-
mega. From the kit, 12 ml of room temperature assay buffer
were used to dissolve one bottle of substrate mix. 100 �l of
perfusate from cultures were transferred to a clear round-bot-
tom 96-well plate. 50 �l of assay buffer mixed with assay sub-
strate were added to each perfusate sample. The absorbance
of the resulting solution was measured at 490 nm (5, 10), using
a VersaMax microplate reader set at 29 °C.

Triphenyl tetrazolium chloride staining (10)

Hearts exposed to global ischemia/reperfusion were briefly
frozen (5 min) at �80 °C. Hearts were partially thawed and
sliced into 1-mm sections. Sections were incubated in 1% triph-
enyl tetrazolium chloride (TTC) in phosphate buffer (88 mM

Na2HPO4, 1.8 mM NaH2PO4) at 37 °C for 10 min. Sections were
then incubated in 10% formalin diluted in phosphate buffer
overnight at 4 °C. Sections were placed on glass slides and
scanned on a Canon scanner. Images were quantified using
ImageJ to outline the infarct and area at risk.

Clustal analysis of MANF and chaperone/co-chaperone
families

For a given family of chaperones, co-chaperones, or anno-
tated chaperone functional domains, amino acid sequences
(Table S1) were analyzed using the Clustal Omega Multiple
Sequence Alignment tool with default settings (RRID:

SCR_001591) and compared with the sequence of mouse
mature MANF (Uniprot entry Q9CXI5, aa 22–179). The result-
ing percentage identity matrices (54) were used to generate the
average sequence identities. The average sequence identities of
the chaperone/co-chaperone/chaperone domain family mem-
bers subjected to Clustal Omega analysis with MANF were
plotted on a 95% confidence interval (Fig. 5).

Echocardiography

Echocardiography was carried out on anesthetized mice
using a Visualsonics Vevo 770, or a Visualsonics Vevo 2100
high-resolution echocardiograph, as described previously (67).

Statistics

Unless otherwise stated, values shown are mean � S.E., and
statistical treatments are t tests, one-way ANOVA followed by
Newman–Keuls post hoc analysis, or two-way ANOVA fol-
lowed by Tukey post hoc analysis.
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dehydrogenase; LDH, lactate dehydrogenase; MEM, minimal essen-
tial medium.
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