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Calpain proteolysis contributes to the pathogenesis of heart failure but the calpain iso-
forms responsible and their substrate specificities have not been rigorously defined. One
substrate, Junctophilin-2 ( JP2), is essential for maintaining junctional cardiac dyads and
excitation-contraction coupling. We previously demonstrated that mouse JP2 is cleaved
by calpain-1 (CAPN1) between Arginine 565 (R565) and Threonine 566 (T566). Recently,
calpain-2 (CAPN2) was reported to cleave JP2 at a novel site between Glycine 482 (G482)
and Threonine 483 (T483). We aimed to directly compare the contributions of each calpain
isoform, their Ca2+ sensitivity, and their cleavage site selection for JP2. We find CAPN1,
CAPN2 and their requisite CAPNS1 regulatory subunit are induced by pressure overload
stress that is concurrent with JP2 cleavage. Using in vitro calpain cleavage assays, we
demonstrate that CAPN1 and CAPN2 cleave JP2 into similar 75 kD N-terminal ( JP2NT)
and 25 kD C-terminal fragments ( JP2CT) with CAPNS1 co-expression enhancing prote-
olysis. Deletion mutagenesis shows both CAPN1 and CAPN2 require R565/T566 but not
G482/T483. When heterologously expressed, the JP2CT peptide corresponding to R565/
T566 cleavage approximates the 25 kD species found during cardiac stress while the
C-terminal peptide from potential cleavage at G482/T483 produces a 35 kD product.
Similar results were obtained for human JP2. Finally, we show that CAPN1 has higher
Ca2+ sensitivity and cleavage efficacy than CAPN2 on JP2 and other cardiac substrates
including cTnT, cTnI and β2-spectrin. We conclude that CAPN2 cleaves JP2 at the same
functionally conserved R565/T566 site as CAPN1 but with less efficacy and suggest heart
failure may be targeted through specific inhibition of CAPN1.

Introduction
Excitation-Contraction (E-C) coupling is the mechanism by which millions of working cardiomyo-
cytes generate rigorous and coordinated Ca2+-dependent myofilament contraction to enable the heart
to pump blood throughout the body [1]. During E-C coupling, efficient, uniform and synchronous
Ca2+ release throughout the cytosol of cardiomyocytes is governed by a process called Ca2+-induced
Ca2+ release [2–4]. Cardiomyocytes have developed intracellular membrane junctional contacts for
mediating Ca2+-induced Ca2+ release dubbed cardiac dyads [5]. An exquisite network of specialized
plasma membrane structures known as transverse tubules, or T-tubules, make numerous dyadic cou-
plings with the terminal cisternae of sarcoplasmic reticulum (SR) Ca2+ stores [5–8]. Thus, upon mem-
brane depolarization within these dyadic Ca2+ microdomains, a small amount of Ca2+ entry via
voltage-gated L-type Ca2+ channels triggers a large amount of Ca2+ release from the SR via type 2
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ryanodine receptors [9–12]. Excessive stress or injury to cardiomyocytes results in defective E-C coupling
which reduces pumping capacity and can give rise to the clinical syndrome of heart failure, the leading cause of
death worldwide [7,13–18].
Junctophilin 2 ( JP2) is required for establishing the 12–15 nm gap junctions between the sarcolemma and

SR membranes in the cardiac dyads [19–21], and is essential for maintaining the integrity of T-tubule system
[22–26], but is down-regulated in response to cardiac stress [22,27–37]. JP2 down-regulation itself contributes
to the development of heart failure as knockdown or deletion of JP2 in cardiomyocytes is sufficient to cause
E-C uncoupling and heart failure progression [19,38,39]. Ca2+-dependent activation of calpain proteases are
now well accepted to promote E-C uncoupling through the proteolysis of critical dyadic proteins including
JP2 [37,40–44]. Several groups reported that JP2 from muscle tissues and heterologously expressing cells
appears as a ∼100 kD protein on immunoblots despite having a molecular mass of ∼75 kD [19,28,32,34,44,45].
Ca2+- and calpain-dependent cleavage of JP2 results in the reproducible production of 75- and 25 kD frag-
ments indicating cleavage is site-specific [37,42–44,46,47]. These studies underscore the concerted efforts over
the years to better understand how calpain is activated and how it recognizes JP2 in addition to its other
substrates.
The identity of the specific calpain(s) responsible for cleaving junctophilins under pathological conditions

in vivo remains ambiguous. The most understood calpains are m-Calpain (Calpain-1, CAPN1) and m-Calpain
(Calpain-2, CAPN2) that are ubiquitously expressed and activated by autolysis in response to micro-Molar
(mM) and milli-Molar (mM) Ca2+, respectively [48,49]. Available calpain inhibitors cannot distinguish between
different calpain homologs and definitive animal models have not been reported in the context of junctophilin
proteolysis. In cardiac studies thus far, administration of MDL-28170, a calpain inhibitor, or transgenic overex-
pression of calpastatin, an endogenous inhibitor of calpain proteases, can inhibit JP2 proteolysis during heart
failure stress resulting in improved cardiac outcomes [37]. We recently reported that diseased human hearts
have elevated calpain activity and cardiac overexpression of CAPN1 in mice is sufficient to promote JP2 deg-
radation and heart failure [37].
We were the first group to evaluate the molecular determinants within JP2 that mediate cleavage by cal-

pains, specifically CAPN1. Cleavage of full-length JP2 in heart lysates from mouse and human is enhanced
by addition of CAPN1 and high concentration of Ca2+ but inhibited in the presence of the Ca2+ chelator
EGTA or the peptide calpain inhibitor Z-LLY-FMK [44]. Our previous work found a variety of cardiac
stresses initiate site-specific cleavage of JP2 producing a 75 kDa N-terminal fragment ( JP2NT) [46].
Through internal deletion mutagenesis, we mapped the primary calpain cleavage site in JP2 to R565/T566.
We confirmed that the migration of the corresponding N- and C-terminal peptides aligns with the previ-
ously observed 75- and 25 kD proteolytic fragments, respectively [44]. Unexpectedly, we found that
N-terminal peptide ( JP2NT) contains a nuclear localization sequence (NLS, residues 488–492) that facili-
tates its robust translocation into cardiomyocyte nuclei in response to transverse aortic constriction (TAC)
induced pressure overload and other stresses where it acts to suppress the maladaptive expression of heart
failure-related genes [46].
The possibility that CAPN2 is responsible for cleaving JP2 was recently pursued by the Wehrens group rea-

soning that JP2 remains largely intact in unstressed hearts during normal Ca2+ cycling conditions sufficient
for CAPN1 activation but only becomes preferentially cleaved during pathological stress when cytosolic Ca2+

reaches mM levels [47]. In support of this idea, knockdown of CAPN2 in H9c2 rat atrial cells, but not
CAPN1, was as effective as calpastatin in inhibiting the generation of the 25 kD C-terminal proteolytic
peptide, referred to as CTP [47]. Interestingly, nuclear puncta were observed in response to extracellular appli-
cation of Ca2+ in JP2 transfected cells that were positive for distal C-terminal epitopes and interpreted as the
CTP fragment. This phenomenon requires the JP2 NLS and limited evidence was provided that CTP arises
from cleavage at G482/T483 just prior to the JP2 NLS (K488RPRP492). However, it remains unclear whether
CAPN2 specifically recognizes either G482/T483 or R565/T566 or if either of the corresponding C-terminal frag-
ments form nuclear puncta. Given the requirement of JP2 in E-C coupling, that its proteolysis under cardiac
stress contributes to heart failure, and the new debate as to the physiologically relevant calpain isoform and
proteolytic site responsible, a more precise understanding of the mechanisms by which JP2 is cleaved by cal-
pains is needed. Therefore, we endeavor here to directly compare CAPN1 versus CAPN2 with respect to their
cardiac stress responsiveness, Ca2+ sensitivity, JP2 cleavage site specificity, and their effect on JP2 fragment
subcellular distribution.
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Results
CAPN1 and CAPN2 are up-regulated by TAC and in parallel with increased JP2
cleavage
To begin to resolve the contribution of calpain isoforms in cardiac JP2 proteolysis, we analyzed the time-
dependent generation of JP2 proteolytic fragments in response to TAC surgery. Consistent with our published
work [46], Western blotting with JP2 antibodies against N- and C-terminal epitopes showed that full-length
JP2 is down-regulated while the 75 kD JP2 N-terminal ( JP2NT) cleavage product gradually increases during
the 1–5 weeks of pressure overload stress in C57BL/6N male mice hearts (Figure 1a–c). Predictably, we also
observed an increase in a 25 kD C-terminal product ( JP2CT) in this TAC model (Figure 1b,d). A similar
migrating band of ∼25 kD was also observed by Lahiri et al. [47] in failing heart lysates using the same JP2
C-terminal antibody. Both CAPN1 and CAPN2 protein levels are significantly elevated compared with the
sham group with peak protein abundance occurring during the first 3 weeks of TAC stress and just prior to
maximal JP2NT and JP2CT generation (Figure 1b,e,f ). These data suggest that either calpain could contribute
to JP2 cleavage in vivo, particularly during the initial cardiac remodeling stages when E-C coupling dysfunction
first appears.

The region spanning mJP2 R565/T566, but not G482/T483, is necessary to form
the 75 kD N-terminal and 25 kD C-terminal calpain cleavage products
A striking difference among studies defining calpain-dependent site-specific cleavage of JP2 is that the 25 kD
C-terminal calpain cleavage band arises from two different cleavage sites located nearly 80 amino acids apart [44,47].
We proposed that the major site of calpain activity, and for CAPN1 in particular, occurs between residues R565 and
T566. On the other hand, Lahiri, et al. proposed cleavage by CAPN2 occurs between G482 and T483. To directly
compare whether CAPN1 and/or CAPN2 can cleave JP2 at G482/T483 and/or R565/T566, we created internal JP2 dele-
tions overlapping these sites based on these prior reports [44,47]. For expression and cleavage analysis, we fused
mouse JP2 (WT mJP2), mJP2Δ479–486 and mJP2Δ563–568 coding sequences with N-terminal FLAG and C-terminal
HA tags (Figure 2a). HEK293T cells were co-transfected with dual tagged JP2 constructs with human CAPN1 or
CAPN2 expressing plasmids for 24 h. Cell lysates were then used for in vitro calpain cleavage assays in the presence
and absence of 2 mM Ca2+. Blotting with FLAG and HA antibodies demonstrated that WT mJP2 is proteolyzed by
CAPN1 in a Ca2+-dependent manner into the 75 kD JP2NT and 25 kD JP2CT fragments (Figure 2b lanes 1–3).
Treatment with the calpain inhibitor MDL-28170 resulted in a substantial reduction in the presence of both the N-
and C-terminal cleavage products (Figure 2b lane 4). Deletion of the G482/T483 site ( JP2Δ479–486) had no influence on
the generation of the 75 kD JP2NT and 25 kD JP2CT peptides by CAPN1, while deletion of the R565/T566 site
( JP2Δ563–568) abrogated the formation of both proteolytic bands (Figure 2b lanes 5–12). These data confirm our pre-
viously published data [44] that R565/T566 is the primary site responsible for CAPN1-dependent generation of the
75 kD JP2NT and 25 kD JP2CT fragments. Furthermore, we find that CAPN2 is also able to cleave JP2 into 75 kD
JP2NT and 25 kD JP2CT species in the presence of high Ca2+. As with CAPN1, CAPN2 cleavage of JP2 requires
R565/T566 but not G482/T483 (Figure 2c). These data demonstrate that both CAPN1 and CAPN2 are able to specific-
ally cleave JP2 at the same R565/T566 site to form the same cleavage products.

CAPN2 cleavage efficacy for JP2 under optimal Ca2+ conditions is lower than
that of CAPN1
We noticed that the generation of 75 kD JP2NT and 25 kD JP2CT by CAPN2 may be less efficacious than
CAPN1 in the presence of 2 mM Ca2+ (compare Figure 2b,c). It has been reported that CAPN1 is activated
under mM Ca2+ while CAPN2 is activated by mM Ca2+. To better compare the efficacy of CAPN1 and CAPN2
on the cleavage of JP2, we assessed the activity of each exposed to a range of Ca2+ concentrations using in vitro
calpain cleavage assays as above. The formation of 75 kD JP2NT and 25 kD JP2CT by both calpains were dose-
dependently increased by Ca2+ (Figure 3a,b). However, the cleavage efficacy of CAPN1 for JP2 is more robust
and significantly more sensitive to Ca2+ than CAPN2 (Figure 3a,b). These data suggest that the efficacy of
CAPN2 cleavage on JP2 is much lower than that for CAPN1, even under mM Ca2+ conditions.
Calpains operate as heterodimers, comprised of a large ∼75 kD catalytic subunit (CAPN1 or CAPN2), and a

common small regulatory subunit CAPNS1, also known as calpain 4. CAPNS1 is essential for the stability and
function of both CAPN1 and CAPN2 [50]. To better evaluate and compare the calpain cleavage efficacy on JP2
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in the context of calpain holoenzymes (CAPN1/CAPNS1 or CAPN2/CAPNS1), we overexpressed CAPNS1
together with JP2 and CAPN1 or CAPN2 in HEK293T cells and performed in vitro calpain cleavage assays. As
expected, overexpression of CAPNS1 alone had no influence on JP2 cleavage under 50 mM and 500 mM Ca2+

conditions while it dramatically promoted the efficiency of CAPN1 and CAPN2 on the cleavage of JP2
(Figure 3c,d). We also observed that even in the presence of CAPNS1, the efficacy of CAPN2 remains lower than

Figure 1. Transverse aortic constriction (TAC) induces cardiac Calpain expression and JP2 cleavage.

(A) Representative Western blots of JP2, CAPN1, CAPN2 and CAPNS1 in heart homogenates from sham and TAC operated

animals. (B–D) Western blot quantification of full-length JP2 relative to GAPDH loading control (B) and its ∼75 kD N-terminal

(C) and 25 kD C-terminal (D) cleavage products normalized to full-length JP2. (E–G) Quantification of CAPN1 (E), CAPN2 (F)

and CAPNS1 (G) expression in TAC and Sham hearts normalized to GAPDH. n = 6 for each group. Data are mean ± SEM.

One-way ANOVA followed by the Tukey multiple-comparisons test. * P < 0.05, ** P < 0.01, *** P < 0.001. n.s., non-significant.
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CAPN1 (Figure 3c,d). Interestingly, smaller proteolytic fragments of CAPNS1 are present when co-expressed with
CAPN1 or CAPN2 suggesting it itself is cleaved by calpains under 50 mM and 500 mM Ca2+ (Figure 3c,d).

CAPN1 and CAPN2 cleave human JP2 at the site analogous to mouse JP2
R565/T566

We next questioned whether human JP2 (hJP2) undergoes a similar proteolytic process under pathological condi-
tions by CAPN1 and CAPN2. Using online calpain cleavage algorithm (GPS-CCD 1.0 and CaMPDB), we found
potential calpain cleavage sites in hJP2 that are homolgous to those in mJP2, i.e. G489/T490 and R572/T573. For
expression and cleavage analysis, we fused human JP2 (WT hJP2), hJP2Δ486–493 and hJP2Δ570–575 coding
sequences with N-terminal FLAG and C-terminal HA tags as we did for mJP2 (Figure 4a). We then performed
the same in vitro calpain cleavage assay in both low (50 mM) and high (2 mM) levels of Ca2+. Western blotting
with FLAG and HA antibodies demonstrated that WT hJP2 is proteolyzed by CAPN1 into the 75 kD JP2NT and
20 kD JP2CT fragments (Figure 4b,c, lane 3). Treatment with the calpain inhibitor MDL-28170 resulted in a
drastic reduction in both the N- and C-terminal cleavage products (Figure 4b,c, lane 4). Deletion of the G489/T490

site (hJP2Δ486–493) had minimal influence on the generation of the 75 kD JP2NT and 20 kD JP2CT peptides by
CAPN1 (Figure 4b) and CAPN2 (Figure 4c), while deletion of the R572/T573 site (hJP2Δ570–575) abrogated the for-
mation of both proteolytic bands completely (Figure 4b,c, lanes 5–12). Similar results were obtained under higher
Ca2+ concentrations, however both calpains appeared to cleave WT and hJP2Δ486–493 more readily. Also similar to
mJP2, CAPN1 was more efficacious in proteolyzing hJP2 than CAPN2 (Figure 4d,e). These data suggest that
hJP2 R572/T573 is the primary site responsible for CAPN1- and CAPN2-dependent generation of the 75 kD
JP2NT and 20 kD JP2CT fragments in hJP2. Altogether, our data demonstrate that both CAPN1 and CAPN2 are
able to specifically cleave JP2 at the same homologous site, i.e. R565/T566 (mouse) or R572/T573 (human) to form
similar cleavage products.

Figure 2. Residues 563–568, but not 479–486 of mouse JP2, are necessary for CAPN1 and CAPN2 to cleave JP2 into 75 kD N-terminal and

25 kD C-terminal fragments.

(A) Schematic of Flag- and HA-tagged JP2 deletion constructs used to test calpain cleavage site selection. (B,C) Western blots of in vitro calpain

assays. HEK293T cells were co-transfected with mJP2-WT, mJP2Δ479–486 or mJP2Δ563–568 and either CAPN1 (B) or CAPN2 (C) cDNAs for 24 h. Cell

lysates were exposed with and without 2 mM Ca2+ for 20 min in calpain reaction buffer in the absence or presence of 10 mM MDL-28170 (inhibitor

of CAPN1 and CAPN2). JP2 expression and cleavage were assessed with anti-Flag or anti-HA antibodies to detect N- and C-terminal cleavage

fragments, respectively.
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Expression constructs mimicking cleavage at R565/T566 but not G482/T483

correspond to in vivo generated JP2 75 kD N-terminal and 25 kD C-terminal
fragments
To distinguish whether the 75 kD JP2NT and 25 kD JP2CT fragments are formed by cleavage at G482/T483

versus R565/T566, we generated a panel of C-terminal HA-tagged JP2 truncates on the basis of the different
calpain cleavage sites (Figure 5a). When expressed exogenously in HEK293T cells, JP21–565 has a similar

Figure 3. CAPN2 is less efficacious in cleaving JP2 than CAPN1.

(A,B) Representative Western blots (A) and summary data (B) of JP2 (mouse species) cleavage assays under different Ca2+

(CaCl2) concentrations, as indicated, using cell lysates from HEK293T cells expressing CAPN1 or CAPN2. (C,D) Western blots

of calpain cleavage assays for 10 min in calpain reaction buffer. Lysates from cells overexpressing CAPNS1 in addition to

CAPN1 and CAPN2 were exposed to 50 mM (C) or 500 mM (D) CaCl2, as indicated. JP2 expression and cleavage were

assessed by Western blotting with anti-Flag to detect N-terminal cleavage fragments, respectively. n = 3 for each group.

Data are mean ± SEM. One-way ANOVA followed by the Tukey multiple-comparisons test. * P < 0.05, *** P < 0.001.
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molecular mass as the 75 kD band we found induced by TAC in vivo (Figure 1a), expressed previously from a
different vector, [44] and expressed in vivo as JP2NT. [46] Expression of JP21–482 produces a smaller protein
with a molecular mass of ∼65 kD. Note that JP2566–696, which is the C-terminal counterpart of JP21–565, has a
similar molecular mass as the 25 kD JP2CT after TAC (Figure 1a) while the proposed CTP peptide ( JP2483–696)
runs with an larger apparent molecular mass of ∼35 kD.
To validate these findings, we immunoblotted lysates using our custom made JP2 antibody that effectively

detects all N-terminal JP2 species (full-length JP2, JP21–482, and JP21–565). The commercial C-terminal JP2
antibody not only detects the C-terminal JP2 truncates ( JP2483–696, JP2566–696) and full-length JP2 but also
recognizes JP21–565 (Figure 5b). Additionally, the N-terminal JP2 antibody can specifically detect 75 kD JP2NT,
while the C-terminal JP2 antibody not only detects a 25 kD peptide but also a 75 kD fragment in TAC heart
lysates compared with sham controls (Figure 5c). These results indicate the C-terminal JP2 antibody used by
the Wehrens group is not a perfect tool in distinguishing possible N- versus C-terminal JP2 products [47].
Cumulatively, these direct comparisons indicate the 75 kD JP2NT and 25 kD JP2CT fragments are more likely
generated by a single cleavage of JP2 at R565/T566 rather than Gly482/T483.

Figure 4. Human JP2 (hJP2) is cleaved by CAPN1 and CAPN2 in the same region analogous to mouse JP2 R565/T566.

(A) Schematic of Flag- and HA-tagged human JP2 deletion constructs used to test calpain cleavage site selection.

(B–E) Western blots of in vitro calpain assays. HEK293T cells were co-transfected with hJP2-WT, hJP2Δ486–493 or hJP2Δ570–575

and either CAPN1 (B,D) or CAPN2 (C,E) cDNAs for 24 h. Cell lysates were exposed with and without 50 mM or 2 mM Ca2+ for

20 min in calpain reaction buffer in the absence or presence of 10 mM MDL-28170. Human JP2 expression and cleavage were

assessed with anti-Flag or anti-HA antibodies to detect N- and C-terminal cleavage fragments, respectively.
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As JP2, JP2NT and CTP possess the JP2 NLS, we next expressed the different JP2 truncates in HEK293 cells
to examine their subcellular distribution by immunofluorescence (IF). In line with our previous work [46],
JP2NT ( JP21–565) exclusively localizes in the nucleus (Figure 5d). While most of CTP ( JP2483–696) also localizes
in the nucleus (Figure 5d), its diffused pattern in nuclei is unlike the punctate pattern reported [47].
Interestingly, we did observe a punctate HA signal inside the nucleus of some full-length JP2 transfected cells
growing under normal media conditions. We will expand more on these findings in the Discussion section.

CAPN1 has higher cleavage efficacy than CAPN2 for canonical substrates
including cardiac troponin T (TnT), troponin I (cTnI) and β2-spectrin
In addition to JP2, many other cardiac proteins, such as spectrin, cTnT and cTnI, are cleaved by calpain under
different cardiac stresses, including ischemia and pressure overload [41,51,52]. To examine the relative activity

Figure 5. Expression constructs mimicking cleavage at mouse JP2 R565/T566, but not G482/T483, reconstitute the

proteolytic and nuclear localization patterns of JP2.

(A) Schematic of N- and C-terminal epitope-tagged JP2 expression constructs for comparing putative calpain cleavage sites.

(B) Expression of JP2 constructs in HEK293T cells detected by HA, JP2 N-terminal and JP2 C-terminal antibodies.

NC, negative control; FL, full length. (C) Western blots for JP2 cleavage in Sham versus TAC operated hearts after 1 week

using antibodies recognizing N- and C-terminal JP2 sequences. (D) Immunofluorescent localization of C-terminal HA-tagged

JP2 expression constructs relative to TO-PRO-3 stained DNA in HEK293T cells. Scale bar = 10 mm.
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of the calpain isoforms for these classic substrates, we co-transfected HEK293T cells with CAPN1 or CAPN2
and full-length, dual-tagged β2-spectrin, cTnT and cTnI. 24 h after co-transfection, cell lysates were used for in
vitro calpain cleavage assays at different Ca2+ levels from mM to mM. The formation of cleaved β2-spectrin,
cTnT and cTnI by CAPN1 and CAPN2 increased as Ca2+ level increase from mM to mM concentration
(Figure 6). Similar to JP2, the cleavage efficacy of CAPN1 for these proteins is much higher than CAPN2
across all Ca2+ concentrations and is particularly striking for β2-spectrin and cTnT (Figure 6). Taken together,
these data demonstrate that the efficacy of CAPN2 cleavage on calpain substrates is lower than CAPN1 under
Ca2+ levels that allow for maximal activation.

Discussion
In this study, we systemically compared the requirements for the Ca2+-dependent cleavage of JP2 by calpain to
resolve the debate surrounding the efficacy and sequence specificity of calpain isoforms for JP2. First, we con-
firmed that cardiac stress leads to the generation of 75 kD N-terminal and 25 kD C-terminal proteolytic frag-
ments that is preceded by the induction of both CAPN1 and CAPN2. Second, we confirmed that mJP2 is
cleaved at R565/T566, and not at G482/T483 as recently proposed, and peptides arising from cleavage at this site
do, in fact, correspond to 75 kD JP2NT and 25 kD JP2CT fragments. Third, we found that both CAPN1 and
CAPN2 isoforms can cleave mJP2 at the same R565/T566 site, but not at the G482/T483 site. Fourth, we found
that the 25 kD JP2CT fragment generated by cleavage at R565/T566 cannot translocate into the nucleus because
it lacks a nuclear localization sequence. Fifth, we also demonstrate that human JP2 is similarly cleaved by
CAPN1 and CAPN2 at the site analogous to mouse JP2 R565/T566. Finally, we found CAPN1, independent of
Ca2+ concentration, has significantly higher cleavage efficacy for JP2 and other calpain substrates than does
CAPN2.
Dramatic and prolonged increases of cytosolic Ca2+ in ischemic and hypertrophic conditions have long been

known to disrupt E-C coupling in cardiomyocytes [53]. Ca2+-dependent activation of calpain proteases are now
widely accepted to promote E-C uncoupling through the proteolysis of critical dyadic proteins including JP2. The
most understood calpains are m-Calpain (CAPN1) and m-Calpain (CAPN2) that are ubiquitously expressed and
activated by autolysis in response to mM and mM [Ca2+], respectively [48,49]. Over the last several years, our
group has endeavored to better understand the mechanisms involved in calpain-mediated proteolysis of JP2 using
CAPN1 as an exploratory tool within in vitro cleavage assays. As described above, we originally identified the
major JP2 cleavage event occurs at R565/T566 [44]. We focused on this site after it was suggested by two different
in silico algorithms (GPS-CCD 1.0 and CaMPDB). At that time, we presented evidence that mutation of R565/
T566 blocked the major cleavage event and heterologous expression of the corresponding cleavage products as
independent proteins mimicked the size of the proteolyzed bands on Western blots. Furthermore, we observed
minor cleavage products that appeared to be further generated from the JP2 N-terminus. After testing candidate
calpain sites, we validated minor cleavage occurs at V155/R156 and L201/L202 [44], the latter of which we identified
from failing hearts using mass spectrometry [43].
The report by Lahiri, et al. claimed that the 25 kD JP2CT fragment of JP2 is due to cleavage by CAPN2 just

prior to the NLS at G482/T483, not R565/T566 [47]. Our prior publications that support R565/T566 as the primary
cleavage site of JP2 [44,46], however, a direct comparison between G482/T483 and R565/T566 was not performed by
Lahiri et al. [47]. In their study, R565/T566 was ruled out as a potential site as it was not expected to be detected
by the C-terminal antibody and it was reasoned that no peptide with a predicted mass below 20 kD would run at
25 kD by SDS–PAGE. We show here that the same C-terminal antibody used by the Wehrens group (Thermo
Fisher Scientific, #40-5300) is able to detect both the 25 kD and 75 kD fragments (Figure 5b) suggesting multiple
epitopes likely span the cleavage site of R565/T566. In supplemental materials, Lahiri et al. [47] indicated this anti-
body was raised against residues 568–580. We attempted to validate the exact epitope but could not find this
information in the product literature and technical support of Thermo Fisher Scientific only affirmed that a
peptide in the general vicinity of this sequence was used as an immunogen. JP2 has a molar mass of 75 kD yet is
well known to run anomalously at ∼100 kD that may in part be due to palmitoylation [45] and other unknown
mechanisms. We have clearly showed here (Figure 5b) and in our previous studies [44] that JP2566–696 migrates
closer to 25 kD despite having a calculated mass here of 16 kD that includes ∼2 kD from its FLAG and HA tags.
We now show that JP2483–696 appears as a 35 kD protein, considerably larger than its expected size of 25 kD.
In Figure 2 of Lahiri, et al. [47] deletion of two or eight residues flanking G482/T483 appear to reduce, but

not eliminate, the production of the 25 kD JP2 product in lysates exposed to Ca2+ (2 mM). However, this
experiment is difficult to interpret as it lacked important controls (e.g. calpain inhibition or cleavage of
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Figure 6. CAPN1 has greater cleavage efficacy than CAPN2 for canonical cardiac substrates.

Representative Western blots and quantification of in vitro β2-Spectrin (A,B), cardiac troponin T (cTnT) (C,D), and cardiac troponin I (cTnI)

(E,F) cleavage assays in response to CAPN1 and CAPN2 expression and different Ca2+ concentrations. Assays were performed as indicated and as

described in Figure 4. n = 3 for each group. Data are mean ± SEM. One-way ANOVA followed by the Tukey multiple-comparisons test. * P < 0.05.
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mutated JP2 in the presence or absence of Ca2+). Furthermore, the relative expression of the mutant JP2 con-
structs is lower than that for wild-type JP2. To better understand the relevance of the G482/T483 and R565/T566

sites we performed analogous experiments directly comparing the contributions of the two sites on JP2 to be
cleaved. In our hands, elimination of G482/T483 had no effect on Ca2+-dependent cleavage of JP2 by either
CAPN1 or CAPN2 while R565/T566 was absolutely required (Figure 2). As expected, excluding Ca2+ or inhibit-
ing calpain activity with MDL-28170 similarly attenuated the cleavage of wild-type mJP2 and mJP2Δ479–486 by
both calpains.
Our data demonstrating that G482/T483 is not recognized by either CAPN1 or CAPN2 has implications for

the identity of JP2 species found in nuclei. After directly comparing the subcellular localization of the various
predicted cleavage products (Figure 5d), we confirm our previous report that JP2NT ( JP21–565) readily traffics
to the nucleus. As predicted by the Wehrens group, we observe that a large fraction of the JP2483–696 CTP frag-
ment is nuclear. However, JP2483–696 appears diffuse similar to that of JP2NT rather than punctate as originally
suggested. Lahiri et al. [47] did not directly visualize CTP by heterologous expression, but rather studied
C-terminal HA-tagged full-length JP2 (with and without its NLS) in response to extracellular Ca2+ alone. It is
possible the punctate nuclear anti HA signal observed in that study could be arising from a different JP2
species. We also observe C-terminal HA-positive puncta in a subset of cells expressing full-length JP2
(Figure 5d). In a recent report by Guo and colleagues, [54] similar appearing nuclear puncta form in cells
transfected with full-length JP2 that are positive for both its N-terminal GFP and C-terminal HA tags. Taken
together, these findings support the notion that the C-terminal positive nuclear puncta reported by Lahiri et al.
[47] are not likely a C-terminal product due to specific cleavage at G482/T483 but arise, rather, from a small
pool of fully intact JP2. The physiological relevance of nuclear enriched JP2 versus JP2NT after specific cleavage
at R565/T566 remains to be fully discerned. However, our prior work shows that overexpression of full-length
JP2 in cultured cardiomyocytes has minimal impact on cardiomyocyte gene transcription, while JP2NT expres-
sion suppresses a wide spectrum of heart failure-related genes involved in pro- hypertrophic, -fibrotic, and
-inflammatory signaling pathways. Furthermore, cardiac JP2NT overexpressing mice are protected from
TAC-induced dysfunction and maladaptive transcriptional remodeling while NLS-deficient JP2 knockin mice
have an exaggerated heart failure response [46].
Finally, we addressed whether there are differences in CAPN1 and CAPN2 cleavage efficacy for mouse

versus human JP2 and for other calpain targeted cardiac proteins. Pressure overload stress significantly induced
CAPN1, CAPN2 and CAPNS1 within 1 week corresponding to JP2 proteolysis. A significant increase in
CAPN2 and modest but insignificant elevation in CAPN1 expression was also observed by the Wehrens group
after 8 weeks of prolonged TAC stress. The possibility that either calpain could mediate JP2 proteolysis spurred
us to examine CAPN1 versus CAPN2 substrate specificity in a cell culture model. Consistent with its micromo-
lar requirement for Ca2+, we observed efficient cleavage of JP2, β2-spectrin, cTnT and cTnI at the lowest Ca2+

concentration tested (50 mM) in lysates from CAPN1 overexpressing cells (Figs. 3, 6). Although CAPN2
requires mM Ca2+, the degree to which any of these proteins is cleaved in lysates from CAPN2 overexpressing
cells in the presence of 2 mM Ca2+ was not as great as CAPN1 at any Ca2+ concentration. We also co-expressed
the CAPNS1 regulatory subunit to maximally activate heterologously the catalytic subunits and to overcome
the possibility that endogenous CAPNS1 levels were rate-limiting. JP2 proteolysis was more robust under these
circumstances, however CAPN2 still did not appear to be as effective as CAPN1 (Figure 3c,d). Specific cleavage
of mouse JP2 at its AVR565/T566GP motif and the greater efficacy of CAPN1 over CAPN2 in this event appears
to be conserved between mice and humans. Mutation of the analogous site in human JP2 also prevented cleav-
age (Figure 4). In neither species did we observe CAPN1 or CAPN2 mediated proteolysis through the
SPAG482/T483PPQ motif.
In summary, we have provided strong evidence that JP2 is cleaved by CAPN1 and CAPN2 at the same site,

specifically at R565/T566, in a manner consistent with the pattern observed in heart failure. We have systematic-
ally evaluated whether the proposed G482/T483 and/or R565/T566 sites are responsible for this cleavage. In
side-by-side experiments, mutation of R565/T566 abolishes while disruption of G482/T483 permits JP2 cleavage
by either CAPN1 or CAPN2. Even though a C-terminal construct from hypothetical cleavage at G482/T483 is
able to localize to the nucleus, its sub-nuclear distribution is distinct from previously proposed. Through such
comparative analyses, we find no experimental evidence that CAPN1 or CAPN2 is dependent on G482/T483 for
proteolyzing JP2. In conclusion, through these parallel, comparative and systematic experiments, we demon-
strate that CAPN2 cleaves JP2 at the same site as CAPN1 albeit with less efficacy. Altogether, our findings
suggest specific targeting of CAPN1 may be of therapeutic benefit for heart failure treatment.
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Experimental procedures
Animals
Animal experiments were performed in accordance with the Guide for the Care and Use of Laboratory
Animals (National Institutes of Health publication 85–23, revised 1996) and were approved by the Institutional
Animal Care and Use Committee at the University of Iowa. Transverse aortic constriction (TAC) models were
established using male C57BL/6N mice (9 to 10 weeks of age).

Molecular cloning and mutagenesis
All cDNAs were cloned into pCMV6-XL5 and expressed under the control of its CMV promoter. Wild-type
mouse JP2 cDNA was provided by Dr. Hiroshi Takeshima (Kyoto University, Japan). Oligonucleotides with
FLAG and HA epitope tag sequences were added in frame to the 50 and 30 ends, respectively, of the JP2 con-
structs by PCR. The dual epitope-tagged PCR products of JP2 included full-length JP2 and truncated JP21–565

( JP2NT), JP2566-end ( JP2CT), JP21–482, and JP2483-end (CTP). The cDNA of human JP2 (Origene, RC219661)
was also fused with N-terminal Flag and C-terminal HA tags. Deletion of the reported calpain sites within full-
length mouse JP2 and their analogous residues in human JP2 were performed through site directed mutagen-
esis using QuikChange II (Agilent). The cDNA of CAPNS1 was cloned by PCR from HEK293T cDNA. The
pCMV6-XL5-CAPN1 and pCMV6-entry-CAPN2 plasmids expressing human CAPN1 and CAPN2 were pro-
vided by Dr. Tianqing Peng (Western University, Canada). cDNA of human cTnT (Origene, RC201218),
human cTnI (Origene, RC214740) were fused with C-terminal Flag tag and human β2-Spectrin (Addgene,
#31070) were fused with C-terminal HA tag.

In vivo TAC model construction
Nine to 10-week-old male C57BL/6N mice were subjected to pressure overload by TAC surgery, as described
previously [23]. Briefly, mice were anesthetized with ketamine/xylazine (100 mg/kg / 5 mg/kg) by i.p. Aortic
constriction was performed by tying a 7–0 nylon suture ligature against a 27-gauge needle. For the sham
group, the aortic arch was visualized but not banded. Transthoracic echocardiograms were performed on con-
scious mice in the University of Iowa Cardiology Animal Phenotyping Core Laboratory, using a Vevo 2100
Imager (Visual Sonics), as described previously [23]. Mice were killed 7, 21 or 35 days after TAC or sham
surgery with ketamine/xylazine (100 mg/kg / 5 mg/kg) by i.p.

In vitro Calpain-mediated proteolysis reaction
HEK293T cells were obtained from the ATCC and cultured according to the protocol of the manufacturer. All
cDNAs were transfected into HEK293T cells by using jetPRIME Transfection reagent according to the protocol
of the manufacturer. Briefly, for six-well plates, 2 mg of cDNA was mixed with 200 mL jetPRIME buffer for 10 s
and jetPRIME reagent was added to the mix based on the DNA/jetPRIME reagent ratio of 1 : 2 and vortexed
for 1 s. Ten minutes later, the transfection mix was added to the medium of HEK293T cells at 60–80% con-
fluency. Cells overexpressing tagged JP2, cTnT, cTnI, β2-spectrin, CAPN1, CAPN2 and CAPNS1 were washed
with PBS and homogenized in lysis buffer (20 mM Tris–HCl, 150 mM NaCl, 2 mM EDTA, and 1% Triton
X-100), followed by sonication. Homogenates were centrifuged for 15 min at 13 000 rpm at 4°C. Cell extracts
were added into ice-cold calpain reaction buffer (to a final concentration of 135 mM NaCl, 5 mM KCl, 1 mM
MgCl2, 10 mM glucose, 10 mM Hepes (pH 7.25), 0.3 mM MG132, and 10 mM 2-mercaptoethanol). Just prior
to starting the calpain reaction, CaCl2 was added to achieve a final concentration of 50 mM, 200 mM, 500 mM
or 2 mM free Ca2+ (in the presence of EDTA), as calculated by Winmax32 version 2.50 (Chris Patton, Stanford
University, U.S.A.; http://www.stanford.edu/∼cpatton/maxc.html). Reactions without Ca2+ or without CAPN1
or 2 were used as controls. As an inhibitor of calpain, the final concentration of 10 mM MDL-28170 was added
into reactions as indicated. Reactions were incubated at 30°C for the indicated time (10 or 20 min) and stopped
by adding EDTA to a final concentration of 10 mM. The reaction products were mixed with 4× LDS Sample
Buffer (Thermo Fisher Scientific, NP0007) and 10× Sample Reducing Agent (Thermo Fisher Scientific,
NP0004), incubated at 95°C for 5 min and then subjected to Western blotting.

Western blotting
Western blotting was performed as described previously [44]. The antibody used for detecting JP2NT was
custom made by Pacific Immunology Inc (N-terminal epitope). Commercially available antibodies were used to
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detect the JP2 C-terminus (C-terminal epitope, Thermo Fisher Scientific, #40-5300), Flag (Sigma–Aldrich,
#F1804), HA tag (Cell Signaling, #3724), CAPN1 (Cell Signaling, #2556S), CAPN2 (Cell Signaling, #2539S),
CAPNS1 (Abcam, # ab92333), and GAPDH (Cell Signaling, #5174).

Statistics
Data are expressed as mean ± SEM. One-way ANOVA followed by the Tukey multiple-comparisons test were
applied for paired comparisons. Values of P < 0.05 were considered statistically significant.

Data Availability
All data are contained within the manuscript.
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