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Phospholamban (PLN) is an effective inhibitor of the sarco(endo)
plasmic reticulum Ca2+ ATPase (SERCA). Here, we examined PLN
stability and degradation in primary cultured mouse neonatal cardi-
omyocytes (CMNCs) and mouse hearts using immunoblotting, molec-
ular imaging, and [35S]methionine pulse-chase experiments, together
with lysosome (chloroquine and bafilomycin A1) and autophagic
(3-methyladenine and Atg5 siRNA) antagonists. Inhibiting lysosomal
and autophagic activities promoted endogenous PLN accumulation,
whereas accelerating autophagy with metformin enhanced PLN deg-
radation in CMNCs. This reduction in PLN levels was functionally cor-
related with an increased rate of SERCA2a activity, accounting for an
inotropic effect of metformin. Metabolic labeling reaffirmed that
metformin promoted wild-type and R9C PLN degradation. Immuno-
fluorescence showed that PLN and the autophagy marker, microtu-
bule light chain 3, became increasingly colocalized in response to
chloroquine and bafilomycin treatments. Mechanistically, pentameric
PLN was polyubiquitinylated at the K3 residue and this modification
was required for p62-mediated selective autophagy trafficking. Con-
sistently, attenuated autophagic flux in HECT domain and ankyrin
repeat-containing E3 ubiquitin protein ligase 1-null mouse hearts
was associated with increased PLN levels determined by immuno-
blots and immunofluorescence. Our study identifies a biological
mechanism that traffics PLN to the lysosomes for degradation in
mouse hearts.
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Phospholamban (PLN) is a 52-amino acid peptide located in
the sarcoplasmic reticulum (SR) membrane in cardiac, slow-

twitch skeletal, and smooth muscle, where it exists as a monomer
or pentamer. Whereas monomeric PLN physically interacts with
sarco(endo)plasmic reticulum Ca2+ ATPase type 2a (SERCA2a) to
antagonize its function, pentameric PLN complexes are thought to be
a reservoir of inactive PLN (1–3). The physical interaction between
SERCA2a and PLN reduces the apparent affinity of SERCA2a for
Ca2+, thereby making SERCA2a less active in transporting Ca2+

from the cytoplasm to the lumen of the SR at the same con-
centration of cytoplasmic Ca2+. The physical interaction between the
two proteins is regulated by phosphorylation of PLN at Ser16 by
protein kinase A or at Thr17 by Ca2+/calmodulin-dependent pro-
tein kinase II (2). Phosphorylation of PLN reduces its affinity for
SERCA2a, thereby increasing SERCA2a activity (2). Evidence from
transgenic mice also supports the inhibitory function of PLN. Al-
though targeted PLN deletion enhances baseline cardiac perfor-
mance, cardiac-specific overexpression of superinhibitory forms of
PLN leads to decreases in the affinity of SERCA2a for Ca2+ (2).
These observations underscore the primary role of PLN as a regu-
lator of SERCA2a activity and, therefore, as a crucial regulator of
cardiac contractility. PLN inhibition of SERCA2a can be reversed by
either external (i.e., activation of β-adrenergic receptors) or internal
(i.e., increased intracellular Ca2+ concentration) stimuli.
Previous studies identified three PLN mutations in families of

patients with hereditary dilated cardiomyopathy. These muta-
tions, the substitution of Cys for Arg9 (R9C) (4), Arg14 deletion

(RΔ14) (5), and the substitution of TGA for TAA in the Leu39
codon, creating a stop codon (L39stop) (6), also lead to dilated
cardiomyopathy in transgenic mice. At the cellular level, ectopi-
cally expressed RΔ14 and L39stop PLN mutants localize at the
plasma membrane in HEK-293T cells, cultured mouse neonatal
cardiomyocytes, and cardiac fibroblasts, whereas wild-type and the
R9C mutant reside within the endoplasmic reticulum (ER)/SR (6,
7). These data, together with a recent study by Sharma et al. (8),
suggest a highly ordered trafficking of PLN, ultimately ensuring
correct localization, and thus function, within the SR. However,
PLN trafficking and degradation mechanisms in mammalian car-
diomyocytes have not been clearly established.
Protein degradation and clearance of damaged organelles are

critical for cellular physiology, and failure in proper clearance has
been shown to have pathological repercussions (9). Autophagy is a
major mechanism that mediates protein and organelle degradation
in response to external and internal signals. External stimulation
through pharmacological agonists, such as metformin and rapamy-
cin, promotes autophagy via AMP-activated protein kinase (AMPK)
and mammalian target of rapamycin signal pathways, whereas amino
acid starvation and an increased intracellular AMP/ATP ratio serve
as internal signals to promote autophagy via the Ca2+/Calmodulin-
dependent kinase kinase-β (10). Steps in the autophagy pathway
involve nucleation of targeted macromolecules on the ER mem-
brane, trafficking of autophagosomes to lysosomes and, finally, fu-
sion of the autophagosome-lysosome, resulting in targeted protein
degradation (11). In the heart, autophagy plays a crucial role in re-
sponse to insults, in part by relieving ER stress (12) and removing
damaged mitochondria (13). Loss of autophagy could result in ir-
reversible apoptosis and reduced cardiac functioning (14).
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study shows that PLN degradation depends on ubiquitinylation
of its lysine 3 residue and p62-mediated selective autophagy.
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results suggest that changes in PLN degradation could account
for the cardiac inotropic effects of metformin.
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To characterize PLN degradation, we conducted a series of
assays in cultured mouse neonatal cardiomyocytes (CMNCs) and
the hearts of HECT domain and ankyrin repeat-containing E3
ubiquitin protein ligase 1 (Hace1)-null mice. Our results show
that PLN degradation required both polyubiquitinylation and
p62-mediated selective autophagy in CMNCs. Loss of HACE1
was associated with increased PLN levels, supporting the notion
that selective autophagy modulates PLN degradation in vivo.
Metformin promoted wild-type and R9C PLN degradation
through autophagic pathways, resulting in metformin-induced
inotropic enhancement.

Results
Endogenous PLN Is Degraded by Lysosomes in CMNCs. CMNCs were
cultured for 24 h in the presence of NH4Cl (20 mM) or chlo-
roquine (CQ) (100 μM) to inhibit lysosomes, MG132 (10 μM), or
Lac (5 μM) to inhibit proteasomes, or N-[N-(N-Acetyl-L-leucyl)-
L-leucyl]-L-norleucine (ALLN; 100 μM) to inhibit the Ca2+-activated
protease calpain (15–17). Fig. 1A shows that inhibiting lysosomal
functions promoted endogenous PLN accumulation, whereas pro-
teasome or calpain inhibitors did not alter PLN levels, but did in-
crease the levels of connexin 43 (16) in CMNCs. Quantification of
immunoblots revealed a significant 1.8-fold increase in PLN levels
following CQ treatments (Fig. 1B). RT-PCR analyses confirmed
that there was no change in PLN transcript levels in CMNCs in
response to various inhibitors (Fig. 1C). The inhibition of lyso-
somal function by 100 μM CQ promoted accumulation of PLN
monomers and pentamers (Fig. 1 D and E).
CMNCs were subjected to CQ treatment in a time- or dosage-

dependent manner. Fig. 1F shows that PLN levels significantly

increased as CQ concentration was increased to 100 μM (16),
and that further increases in CQ concentration resulted in no
greater increase in PLN levels. Hence, we used 100 μM CQ for
CQ-related experiments throughout the study, unless otherwise
indicated. In a time-dependent study, the elevation in PLN levels
reached statistical significance within 12 h of CQ treatment and
continued increasing until 24 h (Fig. 1G).

Autophagy Is Essential for PLN Degradation in Lysosomes. Because
the lysosomal inhibitor CQ promoted PLN accumulation, we
determined whether PLN would colocalize with a lysosome marker,
lysosome-associated membrane protein 1 (LAMP1), in the presence
of CQ. Colocalization between PLN and LAMP1 did not appear to
be affected qualitatively by CQ (Fig. 2A) and quantitative mea-
surements of Pearson’s correlation for the effect of CQ on coloc-
alization revealed a nearly neutral coefficient, indicating the absence
of a relationship (Fig. 2B).
Because CQ treatment did not increase the amount of PLN in

the lysosomes, this may occur because CQ blocks the fusion of
autophagosomes and lysosomes. Thus, we hypothesized that PLN
could remain in autophagosomes and could colocalize with an
autophagosome marker microtubule-associated protein 1A light
chain 3 (LC3) in CQ-treated CMNCs. We incubated CMNCs with
100 μM CQ or with 100 nM bafilomycin (18), which is known to
block autophagosome/lysosome fusion by specifically inhibiting
the function of vacuolar-type H+-ATPase on lysosome membranes
(19). Fig. 2C shows that CQ and bafilomycin promoted puncta
formation for both PLN and LC3, whereas both proteins were
more evenly distributed in DMSO controls. In addition, some
PLN signals were found within the LC3+ puncta, suggesting the
presence of PLN in autophagosomes (Fig. 2C). Orthogonal plane
optical sectioning (XZ- and YZ-planes) showed colocalized sig-
nals between PLN and LC3 in response to both CQ and bafilo-
mycin, but these signals were lower in the DMSO control. Finally,
the average Pearson’s coefficient between PLN and LC3 was
twofold higher in the CQ- and bafilomycin-treated CMNCs than
in DMSO controls within 25 randomized images (Fig. 2D). Sim-
ilarly, CQ and bafilomycin promoted PLN accumulation in
CMNCs by more than twofold (Fig. 2E).
Increased colocalization between PLN and LC3 in the pres-

ence of lysosomal inhibitors implied that autophagy might mod-
ulate PLN trafficking in CMNCs. We inhibited autophagy with
type III phosphatidylinositol 3-kinase antagonist 3-methyladenine
(3-MA) and with Atg5 silencing in CMNCs. Treatment with
10 mM 3-MA significantly elevated PLN levels (Fig. 2F). Quantita-
tive analyses showed more than a twofold increase in PLN levels in
response to 3-MA inhibition in CMNCs (Fig. 2F). Inhibition was
verified by LC3-II isoform depletion and p62/SQSTM1 protein ac-
cumulation, compared with controls. Similarly,Atg5 siRNA (100 nM)
also promoted protein accumulation for PLN, p62/SQSTM1 and
reduced the level of LC3-II in CMNCs (Fig. 2G).

Inhibition of PLN Ubiquitinylation Modulates PLN Degradation. A
proteomic search of protein ubiquitinylation in murine tissues
revealed that PLN is likely to be ubiquitinylated (20), but this
modification has not been verified directly. We hypothesized that
ubiquitinylation of PLN would function as a marker for protein
trafficking. Bioinformatic analyses showed that lysine residue
3 (K3) is conserved among species. Therefore, we hypothesized
that K3 could be modified by ubiquitinylation. Whole-cell lysates
from HEK-293T cells transfected with NF-PLN, HA-ubiquitin,
or both plasmids revealed a polyubiquitinylation pattern associ-
ated with PLN pentamers, but not with monomeric PLN (Fig.
3A, Upper Right). In addition, several purified NF-PLN proteins
separated in mass by ∼8.5 kDa could also be visualized by HA
immunoblotting, but this pattern was not observed for NF-PLN
or HA-ubiquitin transfected lysates alone, suggesting that PLN
was polyubiquitinylated (Fig. 3A, Upper Left). We repeated this

Fig. 1. Endogenous PLN is degraded by lysosomes in CMNCs. (A) Western
blots assessing PLN levels in response to different inhibitors. (B) Quantification
of PLN protein levels in the presence of various inhibitors (n = 3). *P < 0.05.
(C) RT-PCR for measuring pln transcript levels in response to inhibitor treat-
ment. A pln cDNA plasmid was present and absent in positive and negative
controls, respectively. (D) Western blot demonstrating the effect of CQ on the
PLN pentamer and monomer levels. (E) Quantification of PLN pentamer and
monomer levels in response to CQ. (F) Immunoblot assessing PLN protein levels
in a CQ dosage-dependent fashion. Numbers represent quantification of PLN
(6 kDa) protein levels (n = 3). (G) Immunoblot measuring endogenous PLN
(6 kDa) levels in response to CQ treatment at different time points. Numbers
represent quantification of PLN protein levels (n = 3). Loading controls, α-tubulin,
51 kDa. Lysosomal inhibitors, ammonium chloride (NH4Cl) and CQ; proteaso-
mal inhibitors, lactacystin (Lac) and MG-132; calpain inhibitor, ALLN.
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experiment with a PLN mutant in which alanine was substituted for
lysine 3 (K3A) (21) to prevent any potential PLN ubiquitinylation.
As predicted, the purified K3A NF-PLNmutant was not conjugated
with HA-ubiquitin, whereas wild-type PLN was ubiquitinylated
(Fig. 3B).
Because several autophagic adaptor proteins may recognize

ubiquitinylated proteins, including—but not limited to—Seques-
tosome 1 (p62/SQSTM1), for lysosome-dependent degradation (22),
we investigated whether PLN might physically interact with p62.
In Co-IP assays, HA-p62 was repeatedly coprecipitated with NF-
PLN, but was never detected by immunoblotting in the absence of

NF-PLN (Fig. 3C, Left). On the other hand, mutant HA-p62
without the UBA domain (HA-p62, ΔUBA) was not coimmuno-
precipitated, even in the presence of NF-PLN, suggesting that the
UBA domain of p62 was required for p62-PLN interaction. These
results show that p62 interacts with polyubiquitinylated PLN via its
UBA domain and that this interaction is critical for p62-mediated
PLN trafficking in CMNCs.

Increased PLN Degradation by Metformin in CMNCs. Metformin ac-
celerates cardiac autophagy by promoting AMPK-mediated
ULK1 phosphorylation (23) and also promotes p62-mediated
selective autophagic flux in a dosage-dependent manner (24).
Accordingly, we asked whether PLN degradation would be af-
fected by metformin in CMNCs. Cells were incubated with 2.5 mM
metformin for up to 24 h and cell lysates were subsequently

Fig. 2. PLN is targeted to and degraded in lysosomes via autophagy in
CMNCs. (A) Immunofluorescence assessing the colocalization of endogenous
PLN and lysosome-specific protein LAMP1 in response to CQ treatment.
(B) Quantification of PLN and LAMP1 colocalization in the presence of CQ (n =
25). (C) Immunofluorescence assessing colocalization signals between PLN and
LC3 in response to 100 μM CQ and 100 nM bafilomycin. (D) Quantification of
PLN and LC3 colocalization signals in the presence of CQ or bafilomycin (n = 25).
*P < 0.05. (E) Immunoblot showing an increase in PLN protein levels in CMNCs in
the presence of CQ or bafilomycin. (F) Immunoblots following 3-MA inhibition.
Numbers represent quantification of PLN, LC3-II, and p62 levels. (G) Immuno-
blots following Atg5 silencing. Numbers represent quantification of PLN, ATG5,
p62, and LC3-II levels in response to Atg5 knockdown. (Scale bars, 50 μm.)

Fig. 3. NF-PLN is ubiquitinylated in transfected HEK-293T cells and p62 in-
teraction is required. (A, Left) In cotransfected cells, polyubiquitinylation
assays with boiled lysates involved immunoprecipitation of NF-PLN followed
by immunoblotting with HA-tagged ubiquitin. Asterisks denote potential
PLN monomers attached to 1–4 Ub monomers (*1 Ub, mass 14.5 kDa; **2 Ub,
mass 23 kDa; ***3 Ub, mass 31.5 kDa; and ****4 Ub, mass 40 kDa). (Left
Lower) Immunoblotting with Flag shows that most of the PLN monomer was
not ubiquitinylated. (Right) Control immunoblots with unboiled samples
were performed to detect NF-PLN and HA-ubiquitin. In lane 3 of the lower
panel, a unique HA-stained band of ∼40 kDa in lane 3 may indicate mono-
ubiquitinylation of the PLN pentamer. Tubulin was used as a loading control.
(B) (First panel, Left) Polyubiquitinylation assays using NF-PLN WT or NF-PLN
K3A mutant with coexpressed HA-ubiquitin. IP was with Flag antibody and
IB with HA antibody. Control experiments include IP/IB for Flag (second
panel) and assessing total unboiled lysates for HA and Flag blots (Right). In
lane 2, unique 23-, 40-, and 48.5-kDa bands indicate ubiquitinylation of PLN.
(C, Left) Co-IPs were performed using unboiled lysates from cotransfections
of NF-PLN WT plus HA-p62 WT or NF-PLN WT plus HA-p62 ΔUBA. Lane 2, p62
was co-IPed with ubiquitinylated NF-PLN. Lane 3, loss of the p62 ubiquitin-
binding (UBA) domain abolished the PLN-p62 interaction. (Center) Control
experiments include IP/IB for Flag (lane 2) demonstrating the presence in the
co-IP of 40- and 48.5-kDa forms of ubiquitinylated NF-PLN. (Right) Total
unboiled lysates and IB with Flag, HA, and tubulin.
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collected for immunoblotting. Metformin induced an ∼30% decline
in PLN levels within 24 h (Fig. 4 A and C), along with a large in-
crease in AMPK phosphorylation that was observed as early as 12 h.
In parallel, autophagy marker p62 decreased and LC3-II levels
significantly increased following metformin treatment, suggesting
that metformin enhanced autophagy activity in the treated CMNCs.
Activated AMPK was associated with increased E3 ubiquitin ligase
atrogin-1, although levels of another E3 ubiquitin ligase HACE1
were unchanged (Fig. 4A). Metformin did not affect the levels of
other Ca2+ modulator proteins, including Na+/Ca2+exchanger,
SERCA2a, and ryanodine receptor 2 (Fig. 4B).
In parallel, we determined whether metformin treatment

might affect PLN stability in CMNCs, measured by 35S-dependent
metabolic labeling. Pulse-chase studies showed that the half-lives
of wild-type PLN (τ = 9.5 ± 1.2 h) and R9C (τ = 8.8 ± 0.5 h) were
similar in transduced CMNCs (Fig. 4 D and E) and that
metformin significantly accelerated wild-type (τ = 6.5 ± 0.9 h) and

R9C (τ = 6.1 ± 0.8 h) PLN degradation. This finding is consistent
with immunoblotting results showing that metformin promoted
PLN degradation in CMNCs (Fig. 4A).
Next, we determined if metformin could affect Ca2+ reuptake

during electric field pulsing of Fura-2–loaded CMNCs to create a
series of uniform Ca2+ transients (25, 26). CMNCs were transduced
by lentiviral vectors harboring wild-type or K3A PLN, selected with
2 μM puromycin for 5 d, and then treated with 2.5 mM metformin
overnight. A PDE3 inhibitor milrinone (100 μM), which promotes
intracellular cAMP levels, was used as a positive control. The rates
of Ca2+ reuptake were measured as the time from the peak of the
Ca2+ transient to 50% decay (T50). Consistent with previous studies
in HEK-293T cells (21, 27), overexpression of wild-type and K3A
PLN resulted in reduced Ca2+ reuptake in CMNCs (Fig. 4 F and
G). However, metformin increased Ca2+ reuptake in both non-
transduced and wild-type PLN-transduced CMNCs, but not in
CMNCs overexpressing K3A PLN, which could not be ubiquitiny-
lated and, therefore, not degraded through the autophagy pathway.
Thus, we observed a clear correlation between metformin-induced
degradation of PLN and a metformin-related inotropic increase in
Ca2+- reuptake.

Increased PLN Levels in Hace1-Null Mice. Recent studies by Zhang
et al. (22) and Rotblat et al. (28) showed that a homolog to the
E6-AP carboxyl terminus domain and HACE1 is required for
modulating stress responses in the heart and brain via autophagy.
Deleting the Hace1 gene resulted in reduced autophagy flux in a
p62-dependent manner in a severe transaortic constricted (sTAC)
mouse heart, suggesting that HACE1 is critical in mediating p62-
dependent autophagy flux in myocytes (22). We investigated PLN
levels in Hace1-null mice. Immunoblots in Fig. 5A show that PLN
levels were significantly higher in HACE1-null mouse hearts com-
pared with wild-type controls, regardless of sTAC (Fig. 5B). Simi-
larly, immunofluorescence showed that PLN levels were significantly
higher in the hearts of HACE1-null mice, compared with wild-type
counterparts using similar exposure time and laser intensity. Phal-
loidin was comparable between the different experimental condi-
tions (Fig. 5C). These results support the view that PLN is trafficked
by autophagy and any impairment in autophagy promotes PLN ac-
cumulation in cardiomyocytes (Fig. 6).

Discussion
In the present study we show that PLN degradation in cardiac
lysosomes is mediated via p62-dependent autophagy. We show
that pentameric PLN is polyubiquitinylated at the K3 residue
and that K3A mutant proteins abrogate this modification. K3
ubiquitinylation is not required for PLN pentamerization, as both
K3E and K3A PLN mutants could still form pentamers in trans-
fected HEK-293 cells (29). Posttranslational modifications in-
volving ubiquitin and ubiquitin-like modifiers play multifactorial
roles in maintaining cell physiology, especially in maintaining
protein and organelle homeostasis (30). The discovery of autoph-
agy adaptor protein p62 and its physical association with LC3
provides more insight into selective autophagy-mediated degrada-
tion of ubiquitinylated proteins, pathogens, and organelles (31). In
selective autophagy, adaptor proteins, including p62, interact with
ubiquitinylated macromolecules via the UBA domain and with
LC3 via the LC3-interacting region (32). Recruitment of LC3 to
p62-centered aggregates facilitates lysosome-autophagosome fu-
sion for protein degradation. Our study indicates that PLN pen-
tamers are labeled with ubiquitins before protein clearance.
Successful macroautophagy requires a concerted effort of

autophagosome biosynthesis and cargo protein trafficking to the
lysosome for degradation. Our study demonstrates that selective
autophagy via p62 is required for PLN degradation, but PLN
translocation to the lysosomes has not been demonstrated directly.
Stenoien et al. showed O6-alkylguanine-DNA alkyltransferase
tagged-PLN was trafficked in a linear fashion between the SR and

Fig. 4. Metformin induces PLN degradation. (A) Immunoblots assessing the
protein levels of PLN, α-tubulin, total AMPK, phosphorylated AMPK at Threonine
172 (pAMPK-T172), p62, LC3, Atrogin-1, and HACE1 in response to metformin
treatment for 24 h. (B) Immunoblots assessing the protein levels of Na+/Ca2+

exchanger (NCX), SERCA2a, and ryanodine receptor 2 (RyR2) in the presence of
metformin. α-Tubulin was included as a loading control. (C) Quantification of
PLN protein levels in the presence of 2.5 mM metformin (n = 3). (D) Represen-
tative pulse-chase results for the [35S]-labeled PLN in the presence and absence of
metformin. (E) Linear regression of PLN degradation based on the pulse-chase
results (n = 3). (F) Representative Ca2+ transients acquired from CMNCs with PLN
(wild-type and K3A) overexpression and metformin treatment (2.5 mM). Cells
were pulsed at 1 Hz/5 V. (G) Quantification of time required from peak to 50%
decay of the Ca2+ transient. CMNCs were transduced with empty vectors (null-
transduction) or PLN cDNAs, and treated with DMSO or metformin; 100 μM
milrinone was a positive control. *P < 0.05.
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other organelles, including the lysosomes, in murine myoblasts and
myotubes (33). p62 has been shown to physically interact with
histone deacetylase-6 (HDAC6) (34) and dynein (35). HDAC6 is a
cytosolic protein that plays a critical role in autophagosome-lyso-
some fusion; reduced HDAC6 levels are associated with stagnant
autophagy and de novo protein aggregation (36). p62 interaction
with HDAC6 and its recruitment to the microtubule organization
center via dynein is important for dynein motor protein trafficking
of ubiquitinylated proteins, as p62-null mouse embryonic fibroblasts
become devoid of ubiquitin aggregates along microtubules (35).
Taken together, these results can account for PLN translocation to
the lysosomes after autophagosome biosynthesis.
Selective autophagy is a special arm of macroautophagy that

removes ubiquitinylated macromolecules, organelles, and path-
ological agents (37). During the process, adaptor proteins, in-
cluding at least p62 and optineurin, interact with ubiquitinylated
macromolecules via UBA domains. These adaptor protein–ubiq-
uitin complexes consequently depend on autophagy machinery for
macromolecule clearance (37). Consistently, selective autophagy
via p62 is enhanced via the autophagy agonist metformin in a
dose-dependent manner, whereas silencing of autophagy with the
modulator BECLIN1 attenuates the process (24). A recent study
showed that HACE1 proteins play an intricate role in mediating
autophagy flux by promoting optineurin-ubiquitin-p62 conjuga-
tion (38). Physical linkages between autophagy adaptor proteins
via polyubiquitin chains are required for autophagy flux. Hace1
knockout in adult mouse hearts is associated with decreased
autophagy flux, protein aggregation, and cardiac failure. In the
present study, we demonstrated that Hace1 knockout was asso-
ciated with a fourfold increase in PLN protein levels. PLN and
LC3 colocalization at some puncta in neonatal cardiomyocytes
further supports the notion that p62-mediated PLN degradation
can be regulated by HACE1-mediated autophagy flux.
In this study we used both biochemistry and immunofluorescence

to show that PLN is degraded in lysosomes, but is unresponsive to
proteasome or calpain inhibitors. Similarly, an unconventional
protease inhibitor, UCF-101, did not affect PLN levels in neonatal

cardiomyocytes from diabetic mice (39). CQ has been shown to
interfere with the autophagy pathway in many cell models (40).
CQ in our system promoted PLN accumulation in a time- and
dosage-dependent manner. We also showed that overlapping
signals between PLN and LC3, an autophagosome resident pro-
tein, increased following CQ treatment in CMNCs. Bafilomycin
prevents autophagosome-lysosome fusion (41). Here, bafilomycin
promoted the accumulation of endogenous PLN in CMNCs.
These results collectively demonstrate that PLN is trapped in
autophagosomes when fusion between autophagosomes and ly-
sosomes is interrupted.
Metformin is prescribed for the treatment of type-II diabetes.

Clinically, the benefits of metformin in human heart failure re-
main unclear (42). Nevertheless, metformin administration is
cardioprotective following transaortic ligation or occlusion of the
left main descending coronary artery in experimental mammals,
such as mice, rats, and canines (43–46). More importantly, the
conferred protection was independent of obesity or type-II diabetes
(46). Metformin accelerates autophagic mechanisms in many cells,
including CMNCs (47), and is responsible for a 30% reduction of
PLN in CMNCs in 24 h. Consistent with this observation, pulse-
chase experiments carried out in CMNCs showed reduced protein
stabilities of both wild-type PLN and R9C mutant. It is estimated
that 40% of SERCA2a molecules are inhibited by PLN in mouse
hearts (2). We propose that this physical interaction decreases fol-
lowing metformin treatment, thereby enhancing the activity of
SERCA2a and manifesting as an inotropic effect in metformin-
treated hearts. Finally, we propose that reduced PLN stability is an
important feature in the protective effect of metformin in both
CMNCs and mammalian smooth muscle.

Materials and Methods
Metabolic Labeling and Pulse-Chase Experiments. The University of Toronto
Animal Care and Use Committee approved all experiments using animals.
Pulse-chase experiments with [35S]methionine and [35S]cysteine mixture
were performed as described previously (48), with modifications. Transduced
CMNCs were incubated in methionine- and cysteine-deficient medium
(21013-024, Gibco) for 30 min, followed by 2 h of labeling with 0.2 mCi/mL
L-[35S]methionine and L-[35S]cysteine mixture (NEG072, Perkin-Elmer). Cells
were washed and maintained in DMEM/F12 medium for 0–8 h(s), followed
by immunoprecipitation with M2 Flag antibody in RIPA buffer. Eluted
proteins were subjected to SDS/PAGE, gels were dried, exposed to a
phosphor-screen for 7 d, and analyzed using Storm 860 PhosphorImager
(GE Healthcare).

Polyubiquitinylation Detection and Co-IP Assays. HEK-293T cells were trans-
fected with HA-ubiquitin and Flag-PLN (wild-type and K3A). Cells were har-
vested 48 h after transfection in 500 μL SDS lysis buffer [2% (wt/vol) SDS,
150 mM NaCl, 10 mM Tris·HCl; pH 8.0, supplemented with protease and
phosphatase inhibitors], immediately boiled for 10 min, sonicated at 15%
output for 10 s, diluted with 2 mL CHAPS IP buffer [0.3% (wt/vol) CHAPS,
40 mM Hepes; pH7.5, 120 mM NaCl, 1 mM EDTA, supplemented with protease
and phosphatase inhibitors], and incubated at 4 °C for 30 min. Samples con-
taining 500 μg of soluble protein were incubated with 1 μg M2 Flag antibody

Fig. 5. PLN degradation is affected by autophagic flux in vivo in adult
mouse hearts. (A) PLN levels were higher in Hace1-null and Hace1-null/sTAC
mouse heart compared with wild-type and wild-type/sTAC counterparts.
(B) Quantification of PLN/GAPDH ratios in comparison with wild-type sam-
ples (n = 3). (C) Immunofluorescence of PLN in Hace1-null mouse hearts
showed an increased PLN signal than that in wild-type mice under similar
exposure time and laser source. Phalloidin staining was comparable between
wild-type and Hace1-null mice. (Scale bar, 20 μm.) *P < 0.05.

Fig. 6. Schematic diagram illustrating p62-mediated selective autophagy
for PLN trafficking to the lysosomes for degradation in cardiomyocytes. PLN
is polyubiquitinylated by E3 ubiquitin ligases. This posttranslational modifi-
cation bridges between p62 and PLN pentamers before phagaphore for-
mations and protein trafficking to the lysosomes.
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(Sigma) overnight at 4 °C, followed by immunoprecipitation with 20 μL BSA-
blocked protein A/G agarose beads. Immobilized proteins were eluted
with Laemmli buffer for immunoblotting.

For p62 and PLN interactions, coimmunoprecipitations were conducted as
previously described (49). HEK-293T lysates were harvested in lysis buffer
[100 mM NaCl, 20 mM Tris·HCl; pH8.0, 0.5 mM EDTA, and 0.1% (vol/vol)
Nonidet P-40, 20% (vol/vol) glycerol], supplemented with proteasome and
lysosome inhibitors. Samples containing 500 μg of soluble protein in 750-μL
volume were incubated with 1 μg M2 Flag antibody (Sigma) overnight at
4 °C, followed by immunoprecipitation with 20 μL BSA-blocked protein A/G
agarose beads. Immobilized proteins were subjected to immunoblotting.

Details for remaining experiments and materials can be found in SI Ma-
terials and Methods.
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