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H ypertrophic cardiomyopathy (HCM) is
genetic cardiomyopathy with the risk of
sudden death characterized by abnor-

mal sarcomere protein.[1] Although some pathogenic
genes related to HCM have been reported,[2] the dis-
ease phenotype and pathogenesis cannot be fully
elucidated, which brings great difficulties to the dia-
gnosis and treatment of HCM, especially the explor-
ation of HCM treatment strategies.[3] Studies have
shown that sarcomere protein mutation may affect
the normal development of sarcomere structure and
lead to abnormal cardiac function, indicating that
HCM is insufficient in research in many cases.[4,5] The
pathogenesis of HCM disease mainly includes hap-
loinsufficiency (“loss of function”) or shortened non-
functional proteins (“toxic peptides”).[6] MYH7 and
other sarcomere proteins mainly cause haploinsuffi-
ciency (“loss of function”) by missense mutations,
while 90% of MYBPC mutations cause shortened non-
functional proteins (“toxic peptides”).[7]

Protein quality control (PQC) system mainly incl-
udes molecular chaperones, proteases and regulat-
ory factors to promote protein folding, prevent pro-
tein aggregation and remove improperly folded pol-
ypeptides.[8] Protein misfolding is a process in which
proteins obtain various non-native contacts to affect
their structure and properties.[9] Protein misfolding
is characterized by the formation of nonfunctional
protein structures, which leads to cardiomyopathy.[8]

The misfolded proteins usually occur in the follow-
ing two situations: one is the degradation of misfol-
ded proteins, resulting in the loss of protein function;
the other is the aggregation of misfolded proteins,

resulting in increased functional toxicity (Figure 1).
Aggregation occurs when the folded intermediate
or partially folded state exposes hydrophobic amino
acid residues or areas mostly embedded in the nat-
ural state.[9] However, molecular chaperones may
help break down tight aggregates to form naturally
folded monomer proteins. Misfolded monomers are
polymerized into dimers, which are the initial bui-
lding blocks for the formation of amyloid fibers. The
dimers can further polymerize to form oligomers,
and then the oligomers further combine to form fib-
rils.[9] “Protein homeostasis” is an interrelated pheno-
menon in PQC, which plays a key role in the process
of protein synthesis, transportation and transfer.[10]

The function of the classification task of the PQC sy-
stem is to remove proteins to increase the possibil-
ity of unfolded and misfolded conformations, res-
ulting in a large part of newly synthesized proteins be-
ing sorted out before the synthesis process is com-
pleted through cotranslation degradation.[11] How-
ever, replacing old and misfolded proteins is a com-
plex process, which requires an increasing number
of effective sarcomere PQC systems, as well as the re-
gulation of various protein degradation pathways and
numerous molecular chaperones.[12]

Sarcomere contraction is mediated by molecular
motion myosin, which converts energy from aden-
osine triphosphate into mechanical work and mo-
ves along actin filaments.[10] The folding of myosin
polypeptide into its functional conformation requ-
ires the assistance of chaperone protein in the PQC
system to assemble the hexameric myosin complex
(Figure 2).[13] UNC-45 is a highly conserved key my-
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osin partner, which associates myosin through its
domain to prevent protein aggregation.[14] UNC-45
mainly acts as a chaperone by linking the head reg-
ion of myosin, and even plays a key role with HSP90
chaperone.[14] HSP70 or HSP90 molecular chaper-
ones ensure the stability of proteins in the early stage
by affecting myosin folding and assembly.[13] UNC-
45 enhances the myosin folding activity of HSP70
and HSP90, and UNC-45 interacts with HSP70/HS-
P90 through its co-chaperone helix trans helix mo-
tif.[15] In the case of missense MYBPC mutants, the
role of HSP70 in regulating MYBPC degradation may
be a mechanism to prevent the “poison peptide” ef-
fect. Meanwhile, HSP70 molecular chaperone may
prevent MYBPC-HCM disease by rapidly degrading
“toxic peptide”.[16,17] Based on the destruction of UNC-
45/HSP90/myosin complex associated with Smyd1,
knockout of the Smyd1 gene will inhibit myosin ac-
cumulation in early sarcomeres, resulting in myosin
instability and protein degradation.[17] However, the
abnormality of Smyd1 leads to the decrease of pro-
tein stability, and indirectly leads to the increase of
UNC-45 and HSP90 expression, suggesting that Sm-

yd1 was the third member of the typical myosin cha-
perone complex.[12]

Sarcomere protein turnover is very important for
maintaining function and promoting cardiomyoc-
yte life. Obsolete proteins are mainly removed by the
following ways (calpain, ubiquitin-proteasome and
autophagy-lysosomal) to maintain the stability of sar-
comere proteins.[12] Calpain is a conserved calcium-
dependent cysteine protease.[18] Chaperone medi-
ates the cleavage site of sarcomere protein to regulate
the sensitivity of protein to calpain hydrolysis. The ac-
tivation of calpain is related to the increase of protein
ubiquitination and is considered to be a reaction be-
fore the ubiquitin-proteasome system (UPS) degra-
des myofilament protein.[12] UPS mediated protein
degradation is the result of the synergistic action of
multiple enzymes, which is finally catalyzed by E3 ub-
iquitin ligase and transports ubiquitin to the place
where it is needed.[19] Many studies have shown that
UPS is the basis of sarcomeric PQC.[12] Macroauto-
phagy mainly degrades proteins that fail to fold and
ubiquitinate, which forms membrane encapsulated
vesicles (autophagosomes) around some cytoplasm
containing protein aggregates and/or other toxic ce-
llular components.[20] Ubiquitin can also regulate the
selectivity of autophagy, and its function is similar to
UPS.[21] Meanwhile, autophagosomes recover goods
by fusing with lysosomes, so that the contents of aut-
ophagosomes are exposed to lysosomal hydrolases.
Autophagy is crucial in maintaining the normal stru-
cture of sarcomere. The damage of autophagy is re-
lated to the abnormality of the sarcomere structure,
but little is known about autophagy is associated with
sarcomere PQC system. Chaperone assisted select-
ive autophagy, is the only autophagy pathway clea-
rly shown to play a role in sarcomere so far, which can
form complex with BAG3 in sarcomere Z disk, de-
grade misfolded filamin C and prevent their aggre-
gation, and provide scaffold function for HSPB8 and
HSC70/HSP70.[22]

In HCM end-stage heart failure, there is an imbal-
ance in the PQC mechanism (Figure 2), resulting in
the aggregation of old/misfolded proteins, which may
lead to the damage of sarcomere structure and func-
tion. The activity of calpain in patients with cardiom-
yopathy is increased, resulting in the increase of cal-
pain activity in patients with UPS. The results sho-
wed that in the late stage of HCM, the degradation

 

Figure 1     Protein misfolding and degradation pathways. Pro-
teins are folded by molecular chaperones,  and polypeptide cha-
ins synthesized by mutant genes form misfolded proteins. The mi-
sfolded mutant protein is ubiquitinated, and the ubiquitinated pr-
otein complex is then degraded into small peptides by the prote-
asome system and releases ubiquitin. Another way is that misfol-
ded monomers are polymerized into dimers, further polymerized
to form oligomers, and finally combined to form protofibrils.
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of misfolded protein in vivo was slow, and its ups ac-
tivity decreased significantly. In normal myocard-
ium, protein aggregates that cannot be cleared by
two basic approaches (UPS and calpain) can be cl-
eared by autophagy. Autophagy is up-regulated un-
der insufficient proteasome function, elevated mec-
hanical strain and other stress conditions (including
stress conditions related to sarcomere protein gene
mutation).[23] However, the PQC system in patients

with HCM is abnormal, resulting in reduced auto-
phagy activity and ultimately unable to clear protein
aggregates.[23]

Due to protein misfolding, a defective PQC sys-
tem may lead to various diseases, including HCM.
Conceptually, the following three methods can be
used to treat HCM with protein misfolding (Table 1):[8]

(1) directly targeting misfolded proteins; (2) impr-
ove post-translational modification of misfolded pr-

 

Figure 2     Schematic diagram of action mechanism of sarcomere protein quality control in hypertrophic cardiomyopathy. BAG3/
HSC70 chaperone complex maintains CapZ stability in sarcomeres. UNC-45 coordinates the folding of myosin ATPase domain and is a
key chaperone for thick filament assembly and maintaining its stability. UNC-45 interacts with HSP90 to participate in myosin folding
and early myofibril assembly. Lysine methyltransferase Smyd1 acts on HSP90/UNC-45/myosin complex to maintain sarcomere stabil-
ity. Abnormal protein misfolding caused by stressors is accompanied by increased calpain activity, resulting in excessive protein hyd-
rolysates.  In hypertrophic cardiomyopathy,  ubiquitin-proteasome system and autophagy-lysosomal system activities are down-regu-
lated. These factors ultimately lead to the toxic level of protein aggregation, which may lead to sarcomere structural disorder and mech-
anical dysfunction common in failed myocardium.
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oteins; and (3) combine with other chaperone prote-
ins or molecules to prevent protein aggregation. Am-
ong them, the molecular chaperone is considered a
potential therapeutic molecule for targeted treatm-
ent of protein misfolding diseases and is widely used
in many diseases.

HSP70 is the most conserved chaperone, which
acts on the newborn polypeptide chain during fold-
ing and prevents protein aggregation,[24] may be a
potential specific target against myocardial hyper-
trophy and fibrosis. The HSP40 (DnaJ like) family
helps proteins fold, assemble and transport within
cells.[25] Regulating the molecular chaperones HSP40
protein and HSP70 protein in the PQC system can
improve the HCM-related phenotype by mediating
the normal folding of sarcomere protein, maintain-
ing the normal kinetic level and sarcomere protein
structure.[8] The cytosolic chaperonin T-complex pr-
otein 1-ring complex or chaperonin containing T-co-
mplex protein 1 is a cytosolic chaperone whose main
function is to maintain the stability of polypeptides
in the early stage of folding and binding.[26] Heat sh-
ock transcription factors are actively involved in the
process of transcription and expression under nor-
mal, stress or abnormal mutation conditions, while the
combined action of different transcription factors le-
ads to the differences of many kinds of stress induc-
tion or development. Increasing HSP expression in
sarcomeres may ensure efficient assembly and sta-
ble synthesis of proteins, and maintain the balance
of protein degradation.[27] Abnormal PQC may be a
common pathological event in HCM, and mTOR in-
hibition and increased autophagy may play their
therapeutic role by regulating PQC in cardiomyo-
cytes.[28] Drugs that induce autophagy are also expe-
cted to restore cardiac function in HCM animal mo-

dels. They mainly affect sarcomere by indirectly reg-
ulating the PQC system, but the specific mechanism
is not clear.[19] By analyzing the clinical and patholo-
gical characteristics of patients with abnormal mo-
lecular chaperone at the later stage of HCM, we sus-
pect that gene therapy based on adeno-associated
virus may restore the stability of its protein and be-
come a new treatment strategy.[29]

PQC system is the basis of maintaining normal sa-
rcomere structure. The exact mechanism of sarco-
mere formation (sarcomere genesis) is controversial.
The normal sarcomere structure requires the parti-
cipation of multiple chaperones and co-chaperones
to maintain protein stability and prevent protein ag-
gregation. Future work may aim to determine how
the assembly and degradation of sarcomere prote-
ins in HCM are regulated on sarcomere and how to
ensure that new proteins are accurately transported
to sarcomere in time and space, which will further
clarify the mechanism of dynamic PQC system in sa-
rcomere, and provide a good theoretical basis and re-
search direction for HCM disease research.
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