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Abstract

Background: Tumorous imaginal disc 1 (hTid-1) or DnaJ homolog subfamily A member 3 (DNAJA3), is a part of the
heat shock protein (Hsp) 40 family and is predominantly found to reside in the mitochondria. hTid-1 has two mRNA
splicing variants, hTid-1S and hTid-1L of 40 and 43 kDa respectively in the cytosol which are later processed upon
import into the mitochondrial matrix. hTid-1 protein is a part of the DnaJ family of proteins which are co-chaperones
and specificity factors for DnaK proteins of the Hsp70 family, and bind to Hsp70, thereby activating its ATPase activ-
ity. hTid-1 has been found to be critical for a lot of important cellular processes such as proliferation, differentiation,
growth, survival, senescence, apoptosis, and movement and plays key roles in the embryo and skeletal muscle
development.

Main body: hTid-1 participates in several protein-protein interactions in the cell, which mediate different processes
such as proteasomal degradation and autophagy of the interacting protein partners. hTid-1 also functions as a co-
chaperone and participates in interactions with several different viral oncoproteins. hTid-1 also plays a critical role in
different human diseases such as different cancers, cardiomyopathies, and neurodegenerative disorders.

Conclusion: This review article is the first of its kind presenting consolidated information on the research findings of
hTid-1 to date. This review suggests that the current knowledge of the role of hTid-1 in disorders like cancers, cardio-
myopathies, and neurodegenerative diseases can be correlated with the findings of its protein—protein interactions
that can provide a deep insight into the pathways by which hTid-1 affects disease pathogenesis and it can be stated
that hTid-1 may serve as an important therapeutic target for these disorders.
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Background

When cells are subjected to different environmental and
physiological stresses such as exposure to cold, heat, UV
light, etc., a natural defense mechanism of the cells is to
dramatically amplify the expression of proteins called the
Heat Shock Proteins (HSPs) [1-3]. Many of these pro-
teins help in allaying the stress conditions in the cell by
performing chaperone functions which help in ensuring
the correct folding of new proteins and refolding of pro-
teins damaged by cell stress, thereby allowing the cells
to survive and function in these lethal conditions [4].
Two mitochondrial Heat Shock Proteins, the molecu-
lar chaperone HSP70, and its co-chaperone HSP40 are
critically important in preventing the aggregation of
misfolded proteins [5, 6]. An important member of the
mitochondrial Hsp40 family, Tid-1, also called as Dna]
homolog subfamily A member 3 (DNAJA3) is a mamma-
lian homolog of the Drosophila lethal tumorous imaginal

disc Tid56 protein. The Drosophila I (2) tid gene, a tumor
suppressor encodes the Tid56 protein, and null mutants
of the protein result in a lethal phenotype wherein the
imaginal discs of the fruit fly fail to differentiate and
instead grow into lethal tumors [7]. hTid-1 has a highly
conserved DnaJ domain with which it binds to Hsp70 to
regulate the specificity and activity of their interacting
substrate proteins [8, 9]. DnaJ domain-containing pro-
teins function as co-chaperones to DnaK- like ATPases
like Hsp70 to promote the folding, translocation, and
degradation of interacting polypeptides [10-12].

hTid-1 is a 52 kDa protein, and there are three alter-
nately spliced variants of Tidl, the most important of
them being Tid1L (43 kDa) and Tid1S (40 kDa) respec-
tively as demonstrated in Fig. 1A and [13]. The two vari-
ants differ in their carboxyl-terminus ends, and expression
of Tid1L has been found to increase apoptosis while Tid1S
has been found to suppress apoptosis in response to both
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Fig. 1 hTid-1 Splice Variants: hTid-1L A and hTid-1S B comprise distinct functional domains i.e., the amino-terminal (NT) signal sequence (having
mitochondrial targeting sequence that targets the protein into the mitochondria), a DnaJ domain, a Cysteine-rich domain resembling a zinc finger
repeat sequence (CXXCXGXG), and a non-homologous carboxy-terminal domain (CT). hTid-1L has a set of 33 unique amino acids at its C-terminal
end, while hTid-1S has a set of 6 unique amino acids at its C-terminal end. Both hTid-1L and hTid-1S have a predicted mitochondrial processing
sequence (LRP-GV) in the NT domain, which is cleaved at amino acid 66 upon entry into the mitochondria. (C). hTid-1 isoform 3 has 300 amino
acids and differs from hTid-1L and hTid-1S by a unique sequence of amino acids from 3 to 186

tumor necrosis factor a and DNA-damaging agent mito-
mycin ¢ [13]. TidlL contains 33 amino acids that are
unique to its C-terminal end (GGSTMDSSAGSKAR-
REAGEDEEGFLSKLKKMFTS) while Tid1S has 6 unique
amino acids in its C-Terminal domain (GKRSTGN). Both
Tid1L and Tid1S have a predicted mitochondrial target-
ing sequence in the amino-terminal end and the signature
J-domain carrying an HPD Motif important for stimula-
tion of ATPase activity of DnaK-like chaperones [10-12].
The relative ratio of the two proteins has been found to
differ in different cell types, for example, while HEK293E-
BNA (HEK 293 cell line expressing the Epstein-Barr virus
nuclear antigen-1) or HEK293T cells have 4—fivefold more
hTid-1S than hTid-1L, while the ratio is nearly 1:1 in the
Human osteosarcoma, U20S cells [9].

Figure 1C shows the structure of the third splice
variant, commonly called Isoform 3, a 300-base pair
long polypeptide with a DnaJ domain and distinct
N- and C-terminal domains (NCBI Accession No:

NP_001273445.1), however, the presence of the isoform
3 is yet to be experimentally validated.

Pulse-chase experiments have revealed that hTid-1L
resides in the cytosol for a much higher duration before
mitochondrial transport, while hTid-1S has been found to
translocate to the mitochondria much faster [9]. The delayed
import of hTid-1L into the mitochondria may be due to its
interaction with cytosolic proteins like cytosolic Hsc70, and
cytosolic STAT1 and STAT3 proteins. hTid-1L has been
found to interact with these proteins via its unique C-ter-
minal domain [9]. It has been found that hTid-1S doesn’t
interact with the cytosolic proteins at all [9]. Although a vast
majority of hTid-1 localizes to the mitochondria [13, 14],
the reported protein interactions and functions of hTid-1
are predominantly non-mitochondrial [15-22]. hTid-1 has
been found to interact directly with several cytosolic and
nuclear proteins such as E7, an oncoprotein of human papil-
lomavirus [7], UL9, an origin binding protein from herpes
simplex virus type 1 [18], the Ras GTPase-activating protein
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[23], Trk receptor tyrosine kinases [24], Hrfi, a novel pro-
tein expressed in esophageal cancers [25] and several other
proteins. Recent studies have also shown that hTid-1 helps
in the translocation of p53 into the mitochondria under
hypoxic conditions, leading to a transcription-independent
mitochondrial p53 apoptotic pathway [26].

The two hTid-1 splice variants have been found to play
different roles in different kinds of cancers, and are often
observed to affect the prognosis in an antagonistic man-
ner. It has been observed that hTid-1 is either reduced or
absent in clinical samples from oral cancer patients [27,
28], while in Head and Neck Squamous Cell Carcinomas,
hTid-1 has been found to negatively regulate Galectin-7
(which plays an important role in disease progression), by
its ubiquitination and subsequent proteasomal degrada-
tion [29]. On the contrary, in Non-Small Cell Lung Cancer
patients, hTid-1 expression is extremely high in the mito-
chondrial fraction of the cancerous lesions from Grade
IV patients, and that correlated with metastasis of lymph
nodes and poor disease prognosis [30]. hTid-1 plays criti-
cal roles in a myriad of cellular processes that control,
growth, survival, proliferation, and movement.

hTid-1 also plays an important role in the early develop-
mental stages of mammals. Mice deficient in Tid-1 in the
heart have been shown to develop dilated cardiomyopathy,
progressive respiratory chain deficiency, and decreased
copy number of mtDNA [31]. It has also been found that
transgenic mice with muscle-specific hTid-1 deletion,
display muscular dystrophic syndrome [32]. Owing to its
diverse role in critical cellular activities, it is evident that
any change in the cellular expression level of hTid-1 causes
major imbalances and anomalies, resulting in different dis-
eases and disorders. hTid-1 has also been found to play key
roles in cancers, cardiac development, hypertrophies, and
neurodegenerative disorders, most notably, Alzheimer’s
and Parkinson’s disease [33, 34]. While the focus of the ear-
liest research on hTid-1 was on understanding the interac-
tions of hTid-1 with different proteins in the cell, and its
role in cellular signaling pathways, it was only in the past
decade that a lot of focus shifted to investigating the role
of hTid-1 in the context of different diseases such as can-
cers, cardiomyopathies, and neurodegenerative diseases.
This review aims to reveal the relevance of hTid-1 and its
protein—protein interactions in the outcomes of important
cellular signaling pathways, and hints at the diseases that
result from the varying expression levels of hTid-1 and its
interactions with other proteins.

Main text

Role of hTid-1 in the cell

hTid-1 performs a myriad of cellular functions, such as a
co-chaperone to Hsp70, as an E3-ligase to several inter-
acting proteins eventually leading to their degradation
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via the 26S proteasome, as an important protein agent
leading to autophagic degradation of cellular proteins, in
several signaling pathways of the cell (such as the Wnt,
Trk, and Agrin signaling pathways), and the early devel-
opmental stages of mammals, as has been explained
extensively in Fig. 2. Co-chaperones act as catalysts lead-
ing to the hydrolysis of ATP to ADP on their respective
chaperones which allows them to undergo important
conformational changes, thereby allowing them to either
bind to their substrates with high affinity or aid in the
release of the misfolded proteins post their proper fold-
ing [35]. hTid-1 is a co-chaperone for Hsp70 as shown in
Figs. 2A, B, and is widely expressed in a variety of organ-
isms from bacteria to humans [36, 37]. hTid-1 interacts
with the Hsp70 proteins in the cytosol (Hsp70/Hsc70) or
the mitochondria (mtHsp70) through its conserved DnaJ
domain, thereby modulating the activities and substrate
binding specificities of the Hsp70 proteins [13, 38].
Another important function of hTid-1 is its role in
the degradation of misfolded and aberrant proteins as
explained in Figs. 2C, D, both via the 26S proteasome
(as an E3 Ligase) [39, 40] or via the autophagic pathway
of the lysosomes [41]. Degradation via the 26S protea-
some requires the substrate protein to be ubiquitinated,
which is essentially the covalent attachment of a series of
small 76-amino acid proteins called ubiquitin as a post-
translational modification to the proteins that need to be
degraded [42]. Attachment of polyubiquitin chains tag
the substrate proteins for eventual degradation [43] and
the entire process requires an ATP-dependent enzymatic
cascade initiated by a ubiquitin-activating enzyme E1, a
ubiquitin-conjugating enzyme E2 [44, 45], and a ubiq-
uitin Ligase enzyme E3 [42], hTid-1 functions as an E3
ligase for certain proteins in the cell such as ErbB2, EGFR
and Galectin-7 [29, 30, 46]. These interactions of hTid-1
help in controlling major aspects of cancer cell growth.
Also, hTid-1 is an important mediator of the degrada-
tion of proteins via the autophagic pathway in the lys-
osomes as demonstrated in Fig. 2E [41]. Autophagy is
the internal self-digesting mechanism of the cell of deg-
radation and removal of damaged cellular organelles and
long-lived and misfolded proteins via the lysosomes [47,
48]. Classic to the process of autophagy is the evolution-
arily conserved Atg (autophagy-related) proteins, which
were predominantly identified in yeast [49-51]. The initi-
ation of the process of autophagy essentially requires two
complexes, (1) A complex which requires the Class III
PI3K proteins, Vps34, Atg6/Beclinl, Atgl4, and Vpsl5/
p150.73. The other complex includes a serine/threonine
kinase Atgl which requires the function of the autophagy
proteins, Atgl3 or Atg8 and Atg 17. In mammals that
do not have Atgl3, Atgl associates with the Atg8 ortho-
logues, LC3 (microtubule-associated protein light chain
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Fig. 2 Role of hTid-1 in various cellular processes. A hTid-1 acts as a co-chaperone causing conformational changes in Hsp70/Hsc70 which helps
it to interact with Jak2 kinases, thereby inhibiting it. B hTid-1 along with Hsp70/Hsc70 interacts with IkB and helps in cell growth. C hTid-1L causes
the attachment of poly-ubiquitin chains to ErBb2 which leads to its subsequent degradation via the proteasomal pathway. D hTid-1 causes the
attachment of poly-ubiquitin chains to EGFR which leads to its subsequent degradation via the proteasomal pathway. E hTid-1 plays an important

role in autophagic degradation by interaction with the Beclin1-PI3 kinase class Il protein complex
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3), GATE-16 (Golgi-associated ATPase enhancer of
16 KDa), and GABARAP. The kinase activity of Atgl
requires the function of two other autophagy proteins,
that is, Atgl3 or Atg8 and Atgl7. In mammals, which
do not contain Atgl3, Atgl was found to associate with
the Atg8 orthologues, LC3 (microtubule-associated pro-
tein light chain 3), GATE-16 (Golgi-associated ATPase
enhancer of 16 KDa), and GABARAP (G-amino butyric
acid type A receptor-associated protein). Thereafter, the
elongation phase requires two conjugation pathways
which are the Atg8/MAP/LC3/GABARAP/GATE-16
and Atgl2 systems. As the autophagosome formation is
completed, the Atg proteins disassociate from it and the
autophagosome fuses with the lysosome or the endosome
[49-51]. While the role of some of the stress-induced
chaperones like Hsp70 in autophagosome-forming mac-
roautophagy has been studied under different stress
conditions, not much was known about the role of
their co-chaperones in these processes. hTid-1, a DnaJ
co-chaperone has been shown to be a key mediator of
the macroautophagy pathway by the formation of the
LC3 + autophagosome foci [41].

Similarly, hTid-1 is also a critical component of sev-
eral signaling pathways of the cell like the Wnt signaling
pathway, a conserved pathway in metazoan animals [52],
which stimulates several intracellular signal transduc-
tion cascades including the canonical or Wnt/B-catenin
dependent pathway and the non-canonical or B-catenin-
independent pathway [53]. Further, hTid-1 is important
to the functioning of the Trk signaling pathway which
affects neuronal survival and differentiation through dif-
ferent signaling cascades [54, 55]. Since hTid-1 plays such
important and diverse roles in the cell, it would be inter-
esting to find out its interacting protein partners and how
these interactions regulate cell fate. Some of the studies
are as follows:

As a co-chaperone

hTid-1 is an important co-chaperone to Hsp70 which
regulates important aspects of the cellular machinery
like protein folding, chaperoning functions, and pro-
tecting cells amid several physiological stresses [56, 57].
hTid-1 binds to Hsp70 via its conserved DnaJ domain
and actively helps to regulate the specificity and activity
of their substrate proteins [8, 9]. The interaction between
hTid-1 and Hsp70 was shown to be important in inhibit-
ing the kinase activity of Jak2 kinases. The Jak family of
protein tyrosine kinases control the signaling of several
polypeptide ligands which include growth factors, eryth-
ropoietin, several cytokines, and interferons [58, 59].
hTid-1 has been found to interact with the non-receptor
tyrosine kinase protein, Janus Kinase 2 (Jak2 kinases) [15,
60]. Activation of Jak2 is implicated in causing leukemia,
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and hence its activation needs to be highly regulated.
hTid-1 acts as an important negative regulator of the
JAK-STAT pathway [15]. The Jak2 kinases are associated
with downstream proteins including signal transducers
and activators of transcription (STATs) which translocate
to the nucleus upon being phosphorylated and regulate
organismal development and homeostasis [60]. hTid-1
interacts with Jak2 and also with the human interferon-T
(HuIFN-T) receptor subunit IFN-TR2. Jak2 and TR2
associate with hTid-1 and Hsp70/Hsc70 to form a com-
plex, hTid-1 functions like a co-chaperone causing a con-
formational change in Hsp70/Hsc70 which helps it to
interact with Jak2 causing inhibition of the kinase activity
of Jak2. In the presence of IFN-T, Hsp70/Hsc70 and later
hTid-1 are released from the complex leading to the acti-
vation of the kinase function of Jak2 [15].

In proteasomal degradation
Poly-ubiquitination of proteins mediated by E3-ligases
generates signals for the degradation of such proteins via
the 26S proteasome. hTid-1 has been found to act as an
E3-ligase for several interacting proteins such as ErbB2
and EGER that play important roles in Breast and Lung
cancers respectively [30, 39, 46, 61]. hTid-1 causes the
attachment of poly-ubiquitin chains to its client pro-
teins which leads to their degradation via the proteaso-
mal pathway. The transmembrane glycoprotein, ErbB2/
HER2 receptor overexpression has been found to be an
important biomarker for a range of different solid human
tumors such as mammary and ovarian tumors and has
been associated with a poor prognosis. Its cytoplasmic
domain which has docking sites for several signaling
molecules sends out mitogenic signals to cells controlling
activities such as activation of numerous signaling path-
ways. These pathways affect important cellular responses
affecting proliferation, differentiation, survival, and apop-
tosis. Intracellular hTid-1 interacts with the ErbB2 sign-
aling domain, causing its proteasomal degradation via
polyubiquitination, thereby helping in the attenuation of
mitogenic signaling from ErbB2 in cancer cells [30].
Another protein that interacts with hTid-1 through
the DnaJ domain is the Receptor Tyrosine Kinase (RTK),
and EGF Receptor (EGFR) which is a key driver protein
of lung adenocarcinoma by regulating tumorigenic pro-
cesses including invasion, angiogenesis, and apoptosis.
The HSP90 chaperone along with co-chaperones HSP70
and HSP40 helps in protein-folding, activation, or deg-
radation of EGFR. hTid-1L interacts with the EGFR/
HSP70/HSP90 and causes its ubiquitination and subse-
quent proteasomal degradation, thereby downregulat-
ing EGEFR signaling [61]. hTid-1 also interacts with the
Nuclear Factor kappa-light-chain-enhancer of activated B
bells, commonly called, NF-«xB, which actively regulates
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the expression of many genes involved in processes like
oncogenesis, inflammation, immunity, and anti-apop-
totic response [62, 63]. In resting cells, NF-xB is held
back inside the cytoplasm by its inhibitor IKB proteins
such as IxBa and IkBp through the formation of an inac-
tive NF-KB-IkB protein complex. Once activated, IkB is
phosphorylated, polyubiquitinated, and proteasomally
degraded, which is when NF-kB is released from the
protein complex and is imported into the nucleus, caus-
ing the activation of expression of different genes. hTid-1
represses the activity of NF«B through interactions with
the IKK complex and IkB, hence modulating cell growth
and death [64].

In autophagic degradation

hTid-1 plays an important role not only as an E3-Ligase
for different interacting proteins leading to proteasomal
degradation but is also a critical part of canonical mac-
roautophagy pathways. Studies by Niu et al. [41] have
shown that ectopic expression of hTid-1 facilitates the
formation of the LC3_autophagosome foci containing
Beclin1-PI3KC3 (PI3 kinase Class III) during the vesicu-
lar nucleation stage. The two domains of hTid-1 that are
essential for the autophagy process are the N-terminal
domain which mediates the binding of hTid-1 to Beclin-1
and the J-domain which majorly executes the induction
of autophagy. It was already known that stress-induced
Hsp70 interacts with Beclin-1, which is a key compo-
nent of the autophagy complex along with PI3KC3 [40].
However, Niu et al. [41] also showed that hTid-1 ini-
tiates autophagy independent of its association with
Hsp70. Domain deletion mutants lacking a J-domain
which is critical for the interaction of hTid-1 with Hsp70
could also initiate autophagy by retaining their ability
to enhance the LC3-II levels. Also, hTid-1 and Hsp70
were found to initiate apoptosis under different stresses,
hTid-1 under nutrient deprivation or Rapamycin-induced
canonical macroautophagy, whereas Hsp70 under hyper-
thermia-, or heavy metal-induced autophagy. Autophagy
is an important process in the cell for the maintenance
of chromosomal stability and plays an important role in
tumor suppression [65]. In the context of that, it would
be interesting to conduct more studies on the autophagy-
inducing function of hTid-1 in correlation to its role in
oncogenesis, which would help to develop cancer thera-
pies in the future with hTid-1 being an important protein
of interest.

In cellular signaling pathways

It has been reported that hTid-1 has been found to
play a critical role in the Wnt signaling pathway as
explained in Fig. 3A. The Wnt family comprises of nine-
teen secreted glycoproteins which are critical to the
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evolutionarily conserved Wnt signaling pathway that
regulates cell fate determination, cell migration, cell
polarity, neural patterning, and organogenesis during
embryonic development [52]. The main categories of the
Wnt signaling pathway are the canonical Wnt pathway,
the non-canonical planar cell polarity pathway, and the
non-canonical Wnt/calcium pathway. Key to the func-
tioning of the canonical Wnt pathway is the accumula-
tion of beta-catenin (B-catenin) [66] which translocates
into the nucleus and acts as a transcriptional coactivator
of transcription factors belonging to the TCF/LEF fam-
ily. The degradation of beta-catenin in the Wnt canonical
pathway is caused by a destruction complex harboring
Adenomatous Polyposis Coli (APC) that targets it for
ubiquitination and subsequent proteasomal degrada-
tion [66, 67]. The Tid50/Tid48 cytosolic splice variants
of hTid-1 and the Adenomatous Polyposis Coli (APC)
tumor suppressor associate with each other in different
tissue samples such as colorectal cancer cells, normal
colon epithelium, and mouse NIH3T3 fibroblasts, and it
has been found that the Armadillo domain (ARM) con-
taining N-terminal region of APC is sufficient for inter-
action with hTid-1 molecules [68]. While the formation
of the hTid-1-APC complex is not directly associated
with the degradation of beta-catenin by APC, however,
it has been found that hTid-1 and APC form complexes
together with other partners which include Hsc70,
Hsp70, Dvl, Actin, and Axin and help in maintaining the
availability of APC for its specific roles in the Wnt signal-
ing pathway [68]. This is critical for cells to confirm the
decision of whether to switch the cascade ON/OFF and
thereby regulate the initiation of the proliferation of cells
[68].

hTid-1 has been found to associate with the Trk recep-
tor tyrosine kinases (Fig. 3B) which regulate synaptic
strength and plasticity in the mammalian nervous system
[54, 55]. hTid-1 interaction with the Trk receptor tyrosine
kinases regulates the nerve growth factor (NGF)-induced
neurite growth in PC12-derived nnr5 cells. It was shown
that the carboxyl-terminus of hTid-1 binds to Trk at
the activation loop, and that hTid-1 is phosphorylated
at tyrosine residues by Trk in both transfected cells and
yeast. These studies demonstrated that the interaction
between hTid-1 and the Trk receptor tyrosine kinases
facilitates Trk-dependent intracellular signaling [24].

hTid-1 has also been found to bind to the cytoplas-
mic domain of muscle-specific kinase (MuSK) as high-
lighted in Fig. 3C. MuSK is a key component of the agrin
receptor and acts as an indispensable molecule of the
agrin signaling pathway which is important for synaptic
development. Agrin acts via a membrane receptor com-
plex harboring muscle-specific kinase MuSK which is
a receptor Tyrosine Kinase (RTK) [69, 70]. For synaptic
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transmission, clustering of acetylcholine receptors
(AChRs) at the post-synaptic membrane is critical and
agrin facilitates the process for efficient synaptic trans-
mission [71, 72]. Specifically, hTid-1S has been found
to bind to the juxtamembrane region of MuSK in two-
hybrid experiments [73]. hTid-1 has been found to be
co-localized with agrin-induced and spontaneous AChRs
in cultured myotubes, and in muscles, hTid-1 co-local-
izes with AChR clusters throughout the morphological
changes that occur in post-synaptic membranes during
maturation, denervation, and reinnervation [73]. Thus,
hTid-1 plays an important role in the induction and
maintenance of high-density AChR clusters and mediates
agrin signaling at the Neuromuscular Junction (NMJ).

Mitochonderial translocation and homeostasis

Mitochondria carry out several important functions
of the eukaryotic cell, however, only a very small pro-
portion of the mitochondrial proteins are synthesized
by the mitochondrial ribosomes [74]. The other pro-
teins responsible for different mitochondrial functions
are synthesized in the cytosol and imported inside the
mitochondria by the translocase proteins in the inner

membrane of the mitochondria (TIM complexes), or
the translocase proteins in the outer membrane of the
mitochondria (TOM complexes). These proteins play
important roles in cross-talk with the cytosol, uptake of
metabolites, lipids, or metal ions, and with the regula-
tion and execution of apoptosis [75-78]. Mitochondrial
hTid-1 helps in maintaining the integrity of mitochon-
drial DNA (mtDNA) and a homogeneous distribution
of membrane potential [9, 13, 80]. It is reported that the
hTid-1-Mortalin complex acts as the Hsp40-Hsp70 chap-
erone system in the mitochondria and helps in the nor-
mal distribution of electrochemical potential (Ay) across
the mitochondrial membrane, where the DnaJ domain
of hTid-1 plays a critical role. hTid-1S has been found
to rapidly translocate into the mitochondria [9], while
reconstitution of hTid-1S, but not hTid-1L in hTid-1-de-
pleted cells has been observed to restore Ay, thereby sig-
nifying the fact that hTid-1S and hTid-1L play distinctly
functional roles in the mitochondria. Upon hTid-1-si-
lencing, the mitochondrial Complex I protein NDUFS3
shows a punctuated submitochondrial distribution and
selectively colocalizes with the hyperpolarized regions
of the network. The two subunits of Complex-], i.e.,
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NDUES3 and NDUFAO9 of the Electron Transport Chain
(ETC) are found in the detergent-insoluble fraction,
which hints at the prospect of aggregated Complex-I
being responsible for hyperpolarization of the mitochon-
drial membrane [80]. Mitochondrial membrane poten-
tial is the result of electron transport-coupled proton
extrusion into the intermembrane space by complexes I,
III, and IV. Thus, upon hTid-1 silencing, aggregation of
Complex-I in the sub-mitochondrial foci results in the
creation of hot spots in these regions. Over-expression
of hTid-1 has been found to resolubilize the Complex-1
aggregates indicating that hTid-1 plays a major role in
the maintenance of mitochondrial membrane potential
homogeneity and functions as a co-chaperone which
helps to prevent Complex-I aggregation and elicits a
stress response to ATP synthase inhibition [80]. Cheng
et al. [32] reported that hTid-1 actively participates in
skeletal muscle myogenesis by impairing the mitochon-
drial activity of muscle cells, due to which muscle cell
apoptosis occurs. However, the complete mechanism of
reduction in ATP levels is still not explored.

hTid-1 plays a crucial role in the mitochondrial trans-
location of various other proteins, including proteins that
are involved in different cancers. One important example
is p53, which induces apoptosis owing to its tumor-sup-
pressive role. It was recently reported that a transcrip-
tion-independent mitochondrial pathway of apoptosis
also exists [81]. However, not much was known about the
translocation of p53 into the mitochondria. hTid-1 com-
plex formation with p53 under hypoxic conditions was
recently studied and it was observed that the complex
translocates into the mitochondria where it induces the
mitochondrial pathway of apoptosis. A critical observa-
tion states that the translocation of p53 into the mito-
chondria requires both the N-terminal mitochondrial
sequence and DnaJ domain of hTid-1 and subsequently
causes apoptosis via the intrinsic pathway. It was also
found that when hTid-1 was overexpressed in mutant
p53-expressing cancer cells such as T47D (p53 ™t~ L1%F),
SK-BR-3 (p53™RI75H) " BT474 (p53™E25K) and the
glioma cell line, U373 (p53™R*”3M) which lacked tran-
scriptional activity, it restored the localization into mito-
chondria and the pro-apoptotic activities of mutant p53
[26]. These results suggest the chaperoning of mutant
p53, though it would be interesting to find out the path-
way resulting in the same. Further, far-western analy-
ses by Trinh et al. [82] led to the conclusion that hTid-1
directly interacts with p53 to aid in its mitochondrial
localization and its DnaJ domain is necessary for the
interaction, while either of its N- or C-terminal domains
is sufficient for the interaction. Their study also showed
that silencing of hTid-1 by short hairpin RNA (shRNA)
in breast cancer cells led to the complete barring of p53
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entry into the mitochondria, resulting in impediment of
apoptosis under low oxygen and genotoxic stresses.

Similarly, another important protein to be studied in
the respect of hTid-1 is the Epidermal Growth Factor
Receptor (EGFR) which is the major driver of Non-Small
Cell Lung Cancer (NSCLC) [83]. It was shown that the
accumulation of EGFR in the mitochondria increases
the metastasis of NSCLC cells [84]. Wang et al. [86].
reported that the DnaJ domain of hTid-1S is essential for
the transport of EGFR into the mitochondria through
the mtHSP70 transportation pathway. Increased levels
of hTid-1S and EGFR were obtained in the mitochon-
drial fractions of cancerous lesions of Grade IV NSCLC
patients, which can be correlated with the poor over-
all survival of these patients [85]. Later Wang et al. [86]
reported hTid-1 as an important prognostic marker in
the gastric cancer cells which showed decreased cell pro-
liferation, colony, and tumor sphere formation and chem-
oresistance. However, hTid-1 knockdown consequently
decreases the mitochondrial DNA (mtDNA) copy num-
ber but did not consistently affect the mitochondrial con-
tent, respiratory function, and ROS production.

Thus, it can be observed that hTid-1 plays a very critical
role in the maintenance of homeostasis in the mitochon-
dria via the regulation of its two important aspects, that
is, the mitochondrial DNA content and mitochondrial
membrane potential. It is also an important translocase
protein for several interacting proteins that play impor-
tant roles in different cancers, and the expression levels
of hTid-1 play an important role in the prognosis of such
cancers.

Role of hTid-1 in cancer cells

Regulating cancer-associated proteins

Hypoxia is the state in which insufficient oxygen is avail-
able in the cell or at the tissue level to maintain adequate
homeostasis. Hypoxia has been found to be an impor-
tant factor favoring the growth of cancer cells. HIF-1a is
an important protein involved in the hypoxic responses
exhibited by cancer cells. The tumor suppressor, Von
Hippel-Lindau protein (pVHL) interacts with HIF-1a,
causing its ubiquitination and proteasomal degradation
[87], thereby causing the inhibition of angiogenesis. Fig-
ure 4A shows how hTid-1L interacts directly with pvHL
and enhances the interaction between pVHL and HIF-1a,
leading to the proteasomal degradation of HIF-1a, hence
reducing the expression levels of Vascular Endothelial
Growth Factor (VEGF) and subsequently inhibiting angi-
ogenesis of tumors [88].

Another important factor at the focal point of any
cancer is the unlimited proliferation of the cells, and
very less or no apoptosis because of the mutant p53 in
these cells which loses its transcriptional pro-apoptotic
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activity and hence doesn’t initiate apoptotic pathways.
Many tumors have been found to hold p53 mutations,
however, it remains controversial as to whether tumor
cells with mutant p53 have an impaired p53-mediated
apoptosis pathway [26]. P53 mutants such as R273H and
R175H have been found to lose their anti-apoptotic activ-
ity [89, 90]. Ahn et al. [26], showed that the interaction of
hTid-1 with p53 causes the mitochondrial translocation
of the complex, which results in apoptosis of cancer cells.

In cancer cells with mutant p53, apoptosis is severely
impacted. The over-expression of hTid-1 has been seen to
cause translocation of the p53-hTid-1 complex to mito-
chondria and eventual apoptosis of these cells through
the intrinsic pathway rather than through the nuclear
processes as has been explained in Fig. 4B.

Another studied cancer cell signaling system is
MetR, where hTid-1 plays an important role as high-
lighted in Fig. 4C. The c-Met receptor Tyrosine Kinase
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Table 1 The expression levels of hTid-1 in different patient cancer samples and how it affects the prognosis of those cancer patients

S.No Disease Patient samples

Expression Processes affected Survival rate References

1 Head and neck squamous
cell carcinoma

47 HNSCC biopsies

2 Lung adenocarcinoma 55 patient tumor samples

3 Non-small cell lung cancer 20 surgically resected Tumor samples

4 Non-small cell lung cancer NSCLC patient samples

5 Non-small cell lung cancer Tumor samples from Stage-IV NSCLC
patients

6 Hepatocellular carcinoma 210 surgically resected HCC specimens

Low Tumor differentiation Poor Chenetal. [27]
High Tumor growth Better Chenetal. [61]
Low - Poor Chenetal. [61]
LowTid1L ~ Tumorigenesis Poor Chenetal.[39]
High Tid1S  Metastasis and invasion Poor Wang et al. [30]
Low Recurrence of HCC Poor Chen et al. [106]

(MetR) is found to be periodically overexpressed, and
constitutively phosphorylated in a variety of human
malignancies. It has been observed that upon Hepato-
cyte Growth Factor (HGF) stimulation, hTid-1 binds
to unphosphorylated MetR and dissociates it from its
receptor. HGF acts as a ligand of the Met Receptor,
and upon activation via HGF, the Met Receptor causes
amplification of cell motility, proliferation, survival,
and adherens junction disruption. Over-expression
of hTid-1S has been found to enhance the activity of
MetR Kinase, causing a subsequent amplification in
HGF-mediated cellular migration, however, it had not
been observed to directly affect cell proliferation. These
findings suggest that hTid-1S plays a critical role in the
modulation of MetR signaling, and hTid-1S binding
to MetR stabilizes the receptor, and as a result influ-
ences the conformational changes taking place during
the catalytic cycle, thereby promoting the activation of
kinases [91]. Similarly, an important protein in Breast
Cancer signaling, ErbB2 has also been found to be reg-
ulated by hTid-1 as pointed out in Fig. 4D. Carboxyl
terminus of heat shock cognate 70 interacting protein
(CHIP), has also been found to efficiently downregulate
ErbB2 in vitro, quite similar to h-hTid-1. ErbB2, CHIP,
and hTid-1 have also been shown to interact with each
other. When the expression and correlation between
CHIP, hTid-1 and ErbB2 were analyzed using immu-
nohistochemistry (IHC) and immunoblotting assays in
183 breast cancer histology sections, which included
30 fresh tissue specimens, it was found that hTid-1 and
CHIP positively correlate with each other and inversely
with ErbB2 and that hTid-1 and CHIP act in synergy
to degrade ErbB2 in vitro [92]. Further, in hematopoi-
etic cell lines, the DnaJ domain of hTid-1 has been seen
to be involved in interactions with STAT5b (Fig. 4E),
negatively regulating its expression and transcriptional
activity causing suppression of the growth of cells
that have been transformed by the oncogenic form of
STAT5b, but not STAT5a [93]. Thus, it can be stated
that hTid-1 is an important component of cancer cell

signaling and controls several different aspects of can-
cer cell growth, proliferation, survival, and apoptosis.

Regulating cancers

hTid-1 has been found to be an important tumor sup-
pressor in several cancers such as Head and Neck carci-
noma, oral and lung cancers, and in tumors of glial origin
among several others. The expression levels are found
to be perpetually low in these cancers. The tumor sup-
pressor roles of hTid-1 are also reported in osteosarcoma
cells where hTid-1 silencing offers an advantage against
apoptosis [13]. By depletion of Interleukin-8 (IL8), hTid-1
has been found to be critically important in curbing the
migratory potential of cancer cells, which suggests that
hTid-1 may also play an important role against cancer
metastasis [21]. Further, hTid-1 has been found to inter-
act with the von Hippel-Lindau protein to destabilize
Hypoxia Inducible Factor 1-alpha (HIF-la) in sarcoma
and cervical cancer cells, thereby regulating angiogen-
esis [65]. As shown in Fig. 4, hTid-1 plays a significant
role in regulating the key-biomarker proteins of different
cancers which suggests its importance as a therapeutic
target. Researchers have explored the expression level
of hTid-1 in cancers and stated that the expression levels
of hTid-1 are found to be low in most cancers as dem-
onstrated in Table 1, however, it is the opposite in some
cases as explained further.

Head and Neck Squamous Cell Carcinomas (HNSCC)
are the sixth-most prevalent cancers worldwide and
have been found to be linked to environmental carcino-
gens [27]. hTid-1 has been found to play the role of a
tumor suppressor in these cases as shown in Fig. 5A.
Chen et al. [27] analyzed the protein levels of hTid-1 in
the biopsies of 47 HNSCC and NCMT (non-cancerous
matched tissues) pairs by Immunohistochemistry stud-
ies, and the hTid-1 expression was found to be inversely
correlated with tumor differentiation. Significantly
reduced to almost no hTid-1 was detected in the poorly
differentiated carcinomas. Assessment of the rate of sur-
vival after cancer treatment is a major step in prognosis.
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Kaplan—Meier survival curves are the simplest and best
way to the compute the fraction of survival of subjects
over time after a certain kind of treatment These curves
take into account the difficulties associated with sub-
jects or situations and involve a probability-mediated
approach to take into account these factors that are
referred to as censored observations [94]. Kaplan—Meier
survival analysis curves in HNSCC pointed out that
patients with higher expression of hTid-1 had better over-
all survival rates than the ones with lower or undetect-
able expression of hTid-1. They also showed that ectopic
expression of hTid-1 in oral cancer cell lines with reduced
expression of hTid-1 inhibited the capability of cell pro-
liferation, migration, invasion, and anchorage-dependent
growth in these cells. The fact that depletion of hTid-1 in
these cells by RNA interference enhanced cell prolifera-
tion, cell migration, and cell invasion, and also protected
the cells from stress-induced apoptosis, goes on to prove
that hTid-1 harbors a tumor-suppressive function in oral
cancer cells in vitro. The outcomes of research done by
Demers et al. in [28, 95, 96] reported that the expression
of Galectin-7 which belongs to the 3-galactoside-binding
lectin family is enhanced in aggressive cancers and results
in increased metastasis and reduced survival. The analy-
sis of hTid-1 expression in 56 HNSCC tissue sections
showed weak staining of Galectin-7 in tissues stained
strongly for hTid-1. This proves that hTid-1 and Galec-
tin-7 expressions are inversely correlated with each other.
Kaplan—Meier survival curves have demonstrated higher
lymph node metastasis and reduced survival for patients
with lower expression of hTid-1 and higher expression of
Galectin-7. The HNSCC tissues that stained weakly for
hTid-1, exhibited strong staining for nuclear Galectin-7,
while tissues that stained strongly for hTid-1 had a higher
proportion of cytoplasmic Galectin-7. In patients with
a stronger nuclear Galectin-7 staining, as compared to
cytoplasmic Galectin-7 staining, survival was found to
be poor. Studies show that hTid-1L negatively regulates
Galectin-7 via N-linked glycosylation which promotes
degradation of Galectin-7 by poly-ubiquitination which
neutralizes tumorigenicity and metastasis of HNSCC
[29]. The poor prognosis of HNSCC is attributed to the
high levels of metastasis of these cancers [97], and so
understanding the molecular basis via which metastasis
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happens in HNSCC can help in developing better treat-
ment strategies for these cancers.

Non-Small cell lung cancers have been found to be the
dominant form of lung cancers which constitute a lead-
ing cause of cancer deaths worldwide [98] and the role
of hTid-1 in these cancers is explained in Fig. 5B. Chen
et al. [61] performed mRNA analyses by quantitative RT-
PCR in 20 surgically resected paired samples of tumor
and adjacent normal tissues of patients with NSCLC.
The expression levels of both hTid-1L and hTid-1S were
found to be lower in the tumors than in the adjacent tis-
sues. The EGF receptor (EGFR), a Receptor Tyrosine
Kinase (RTK), a key driver molecule of lung adenocarci-
nomas [99], and its expression has been found to nega-
tively correlate with hTid-1 expression levels in both lung
adenocarcinoma cell lines, and in paired tumor and adja-
cent normal tissues from 55 patients with adenocarci-
noma. Survival analysis studies by this group have shown
that higher expression of hTid-1L and lower expression of
EGER are associated with increased survival possibility of
patients with lung adenocarcinoma. hTid-1 interacts with
EGFR/HSP70/HSP90 via its DnaJ domain and induces
poly-ubiquitination resulting in subsequent proteasomal
degradation of EGFR, thereby downregulating its expres-
sion levels and hence acting as a deterrent in the progres-
sion of lung adenocarcinomas [61]. While hTid-1L acts as
a tumor suppressor in lung adenocarcinomas, it was of
interest to find out the molecular mechanisms that regu-
lated the alternate splicing of hTid-1. Therefore, Chen
et al. [39] later reported that heterogeneous nuclear rib-
onucleoproteins (hnRNP) A1l and A2 are the two splic-
ing factors participating in alternate splicing of hTid-1
and are over-expressed in lung cancers. RNAi-mediated
depletion of both hnRNP A1/A2 (but not single depletion
of either) was found to amplify hTid-1L expression which
causes the inhibition of cell proliferation and attenua-
tion of EGFR signaling. These findings suggested that
alternative splicing of exon 1 in the hTid-1 pre-mRNA is
facilitated by hnRNP A1 or A2, leading to suppression of
hTid-1L expression and allowing EGFR-related signaling
to facilitate NSCLC tumorigenesis. Increased expression
of hnRNP A1l and A2 and EGFR decreases the expression
level of hTid-1L in NSCLC patients and presents a poorer
prognosis [39]. Stage IV NSCLC patients possess high

(See figure on next page.)

u87 cells

Fig. 5 hTid-1 in the regulation of cancers. A In Head and Neck Squamous Cell Carcinoma cells, hTid-1 Interacts with Galectin-7, causing the
attachment of poly-ubiquitin chains to Galectin-7 and its subsequent degradation via the proteasomal pathway. B In Non-Small Cell Lung Cancer
cells, hTid-1S increases the mitochondrial import of EGFR which increases the migration and invasiveness of these cells, while hTid-1L causes the
attachment of poly-ubiquitin chains to EGFR and its subsequent degradation via the proteasomal pathway. C In breast cancer cells, hTid-1L causes
the attachment of poly-ubiquitin chains to ErBb2 and its subsequent degradation via the proteasomal pathway. D In Colorectal cancer cells,
increased expression of hTid-1L and Hsp70 enhances the metastasis of these cells. E In Gliomas, increased expression of hTid-1L stops cell growth,
while increased expression of hTid-1S has been observed to inhibit cell proliferation, causing apoptosis of SF767 cells and growth arrest of U373 and
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levels of hTid-1S and EGFR in the mitochondrial sections
of the cancerous lesions, causing lymph node metastasis
and poor life expectancy. It is demonstrated that hTid-1S
facilitates the higher mitochondrial import of EGFR and
promotes metastasis-related activities, i.e., migration and
invasion of NSCLC cells. This suggests that while hTid-
1L majorly has a tumor-suppressive role, hTid-1S acts as
a key driver of metastasis, hence acting as an oncogene
[30].

As shown in Fig. 5C, in breast cancer studies, hTid-1
has been found to regulate the Erb-B2 Receptor Tyros-
ine Kinase 2, commonly called the ErbB2/HER2 recep-
tor, by acting as an E3 ligase for the protein, thereby
facilitating attachment of poly-ubiquitin chains, leading
to subsequent proteasomal degradation of the receptor
[46]. The ErbB2/HER2 receptor, which is frequently over-
expressed in mammary and ovarian tumors, presents an
unfavorable prognosis for these cancers. hTid-1 has been
found to be over-expressed in human mammary carcino-
mas, causing suppression of ErbB2 expression, leading
to inhibition of ErbB2-mediated tumor progression. It is
observed that in ErbB2-overexpressing carcinoma cells,
the co-chaperone activity and regulation of Hsp70 by
hTid-1 plays an important role in preventing the uncon-
trolled proliferation of cells by actively decreasing the
expression of ErbB2, thereby resulting in the suppression
of the ErbB2-dependent cancerous signaling and tumor
progression [46].

Similarly, hTid-1 expression levels are found to play
a key role in the progression of colorectal cancers as
explained in brief in Fig. 5D. Sporadic and inherited
colon tumors both arise from precancerous polyps or
adenomas sequentially [100], via a chain of genetic altera-
tions in the evolutionarily conserved tumor suppressor
genes and oncogenes, each associated with well-defined
morphological changes [101]. The adenomatous poly-
posis coli (APC) protein is critical to the functioning of
the Wg/Wnt signaling cascade, which is activated in the
presence of the Wg/Wnt signaling molecule and helps
to regulate the expression of B-Catenin (core protein
of the cadherin protein complex whose stabilization is
essential for the activation of the Wg/Wnt pathway).
The TCEF/LEF transcription factors engaged in complex
formation with B-Catenin initiate the expression of tar-
get genes such as cyclin D1 or ¢-myc, which regulate cell
proliferation [102—104]. An increase in Hsp70 which is a
direct ligand of hTid-150/hTid48, along with an increase
in hTid-1 was found to actively enhance the metastatic
potential of colorectal tumors [105]. Kurzik-Dumke et al.
[105] examined the expression of hTid-1 in untreated
primary human tumors and observed a high expression
of hTid-1 and alterations in their localization, i.e., the
compartmentalization of both molecules in the normal
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colon epithelium was found to be absent accompany-
ing the loss of differentiation capacity of the tumors. The
hTid50/hTid48 interaction with APC is involved in the
APC-mediated Wg/Wnt function in the morphogenetic
processes that signal towards the cytoskeleton and cell
polarity. It is observed that any alterations in the func-
tioning of one of the molecular partners consequently
lead to changes in the function(s) of the entire com-
plex, and ultimately cause the complete destabilization
of these processes. hTid-1 proteins being members of
the DnaJ protein family, are essential components of the
Hsp70/Hsc70 chaperone machinery and act as an impor-
tant link between the function of chaperone machines,
APC-mediated Wg/Wnt signaling and tumor develop-
ment [105].

Further, hTid-1 also plays an important role in gliomas
of glial tumors as demonstrated in Fig. 5E. The human
hTid-1 gene is mapped to the 16p13.3 region of the chro-
mosome, and loss of heterozygosity in this region of
the chromosome is an important feature of glial tumors
[19]. An interesting study was reported by Trentin et al.
[19] with a hTid-1L mutant resulting from a heterozy-
gous frameshift mutation in the SF767 cell line. An anti-
apoptotic gain-of-function is exerted in the SF767 cell
line, which along with other genetic alterations contrib-
utes to the survival and progression of the malignant
gliomas. The over-expression of hTid-1L with adenoviral
constructs seemed to show no significant effect on the
glioma cell growth, however, it was observed that the
over-expression of hTid-1S caused significant inhibition
of cell proliferation in all the glioma cell lines tested. The
ectopic expression of hTid-1S was also found to render
the SF767 glioma cell harbouring a mutant hTid-1 allele
susceptible to apoptosis while causing growth arrest in
wild-type hTid-1-expressing U373 and U87 cells. There
had been reports earlier which went on to prove that
the susceptibility to detrimental stimuli such as TNFa in
020S Osteosarcoma cell lines could be reduced via an
inducible expression of recombinant hTid-1S [14], which
were in sharp contrast to the observations in glioma cells.
These observations raise the possibility that hTid-1 splice
variants react alternatively to chemosensitization via
chemotherapeutic agents, or have alternate effects in dif-
ferent cell types. In a summary, the observations from the
different glioma cell lines prove that in gliomas express-
ing mutated hTid-1, hTid-1S is capable of initiating apop-
tosis, but not in cells expressing wild-type endogenous
hTid-1 proteins [105].

A recent study by Chen et al. [106] also shows that
hTid-1 plays an important role in hepatocellular carcino-
mas (HCC), which comprise more than 80% of primary
liver cancer, and is the fourth leading cause of cancer-
related deaths worldwide, and ranks second in terms of
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deaths in men [107, 108]. Chronic infections with hepa-
titis B virus (HBV) and hepatitis C virus (HCV) are the
most common risk factors for HCC [109, 110]. In HCC,
sustained Nuclear erythroid 2-related factor 2 (Nrf2)
activation, which is a cytosolic transcription factor that
acts against oxidative stress, leads to cellular prolifera-
tion and resistance to drugs. The commonly followed
line of treatments for HCC is surgical resection, radiof-
requency ablation (RFA), and liver transplantation. How-
ever, the potential issues with these lines of treatments
are the high recurrence rate with curative resection and
the shortage of organ sources for transplantations [111,
112]. These are the reasons that prompted research into
finding a potential biomarker that can help to predict
the recurrence of HCC post curative treatment. In HCC
tissues, the expression of hTid-1 has been found to be
lower as compared to normal liver tissue. In HCC cell
lines, the over-expression of hTid-1 was found to inhibit
colony formation. Also, patients with higher expression
of hTid-1 in the non-tumor part of the liver were found
to have higher recurrence-free survival in HCC. Inter-
estingly, it was found that as the tumor progressed, the
expression of hTid-1 in the non-tumor part was found
to be progressively enhanced. This observation indi-
cates that the expression of hTid-1 in the non-tumor part
might reflect an anti-tumor mechanism of humans dur-
ing tumor progression. Also, lower expression of hTid-1
and higher expression of Nrf2 in the non-tumor part
predicted extremely lower chances of recurrence-free
survival in the case of HCC. Thus, it can be concluded
that hTid-1 plays an important prognostic role in the case
of HCC port surgery. Also, the suppression of cancer
progression and tumorigenesis by hTid-1 are important
events that go on to suggest that hTid-1 can be a prom-
ising prognostic marker and potential therapeutic target
for HCC [106].

Regulating viral oncoproteins

For more than a decade, hTid-1 has been studied for its
interactions with viral oncoproteins. In Human Papillo-
mavirus (HPV)-positive cervical cancers, the expression
of the E7 open reading frame is consistently conserved
[113]. The HPV-16 E7 encodes an acidic phosphoprotein
of 98-amino acids and the transforming functions of E7
are related to its ability to interact with host cellular pro-
teins [7]. It is reported that hTid-1 is involved in complex
formation with the E7 human papillomavirus oncopro-
tein, and the cysteine-rich metal-binding carboxyl-ter-
minus domain of E7 is the major determining factor for
the interaction. This evidence of the ability of HPV E7 to
interact with a cellular DnaJ protein indicates that this
viral oncoprotein seemingly targets general regulatory
pathways via the J-domains [7].
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Another oncogenic viral protein known as Tax is
encoded by the human T cell leukemia virus type 1
(HTLV-1) [114], and identification of the cellular bind-
ing partners of Tax was extremely important for under-
standing the molecular basis of Tax-induced cellular
transformation. Tax interacts with hTid-1 by its central
cysteine-rich domain and induces the cellular transfor-
mation of T lymphocytes. Tax interacts and binds to the
molecular chaperone complex containing hTid-1 and
Hsp70, and causes its sequestration within cytoplasmic
“hot spots’, while in the absence of Tax, the expression of
the molecular complex of hTid-1/Hsp70 is limited to the
perinuclear mitochondrial clusters [16].

Similarly, hTid-1 has also been found to interact with
the Epstein Barr Virus (EBV) BARF1 protein and plays
important role in the maturation and secretion of the
protein by aiding N-Linked glycosylation of the pro-
tein on the asparagine 95 residue [115]. The Epstein-
Barr Virus (EBV) is a human herpesvirus restricted to
B-lymphocytes and epithelial cells. Epstein Barr virus
infection is responsible for several human cancers such
as Burkitt’s Lymphoma (BL), Nasopharyngeal carcinoma
(NPC), and Hodgkin’s Lymphoma. Co-expression studies
with hTid1L and BARF1 have shown that hTid1L inter-
acts directly with BARF1, which is in accordance with the
yeast two-hybrid screening results. Deletion studies have
also shown that two domains in hTid1-1S, viz., 149-320
and 303-453 may also interact with BARF1 [115]. Addi-
tionally, the hTid-1 and BARF1 were found to be local-
ized to the perinuclear re58gions of the cell. hTid-1 is
generally found to be localized to the mitochondria, how-
ever, hTid-1L and BARF1 were not found to co-localize
in the mitochondria, rather it was seen that BARF1 could
potentially sequester hTid-1L to the endoplasmic reticu-
lum (ER). Contrary to the most researched mitochondrial
roles of hTid-1, it was found that a pre-requisite for the
physical binding of hTid-1 and BARF1 is the sequestra-
tion of hTid1 to the ER and/or the Golgi apparatus [115].
This study is unique in suggesting a mitochondria-inde-
pendent role of hTid-1. Co-expression of BARF1 with
hTid-1 is observed to aid in the secretion of BARFI,
thereby suggesting that hTid-1 acts as a chaperone aiding
the folding, processing, and maturation of BARF1 [56].

The next important category is Hepatitis B Virus
(HBV), a member of the hepadnaviruses, which are
DNA viruses replicating through reverse transcription
of an RNA intermediate. HBV causes acute and chronic
hepatitis and plays a major role in the development of
hepatocellular carcinoma (HCC) in humans. Unlike the
general role of chaperone proteins, which is to aid viral
protein folding, and enhance virus replication, ectopic
expression of hTid-1 is found to suppress replication of
HBYV in transfected human hepatoma cells [116]. hTid1-S
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was found to directly interact with the viral capsid-like
particles of the HBV. In these studies, the interaction
with hTid1-L wasn't studied since hTid1-S is the major
form present in the cell. The over-expression studies
with hTid-1 were found to accelerate the degradation
of the viral core and HBx proteins. On the contrary, the
regulation of hTid-1 with RNA-interference was seen to
increase viral replication by as much as 83% [116]. These
observations prove that cellular chaperones inhibit viral
replication via destabilization of viral proteins, and may
play suppressive roles in hepatocellular carcinomas.

Role of hTid-1 in Myogenesis and muscular disorders
Myogenesis

Myogenesis is the process in which muscle tissues are
formed from the mesodermal layer during embryogen-
esis [117]. hTid-1 levels crucially affect the normal myo-
genesis process. During the process of myoblast (C,C;,)
differentiation, the protein levels of hTid-1 and the mito-
chondrial activity were found to be subsequently higher,
which indicates that hTid-1 plays an important role
during the process of myogenesis [32]. The deficiency
of hTid-1 has been found to impair the mitochondrial
activity, thereby causing insufficient ATP production
and subsequently cellular apoptosis. The mitochondrial
biogenesis marker, PGC-,, was also found to be reduced
in hTid-1-knockdown C,C;, cells. hTid-1 deletion in
transgenic mice has been shown to cause dysfunction of
muscle tissues [32]. These findings indicate that hTid-1
downregulation causes a decrease in ATP production
together with increased cellular apoptosis, which is fol-
lowed by reduced mitochondrial biogenesis. Thereby,
the impaired mitochondrial activity of muscle cells dur-
ing myogenesis consequently causes apoptosis of mus-
cle cells [32]. However, how hTid-1 deficiency reduces
ATP production remains to be explored and would be an
interesting avenue for further research.

Muscular disorders (dilated cardiomyopathy)

Dilated cardiomyopathy (DCM), the most common
form of non-ischemic cardiomyopathy is characterized
by ventricular chamber dilation and myocyte hyper-
trophy. Heat-Shock proteins like hTid-1 act as molecu-
lar chaperones acting to put in check the aggregation of
unfolded polypeptides and help in their proper refold-
ing to form functional peptides. hTid-1 has been seen
to exhibit differential expression during developmental
stages of cardiac tissue and pathological hypertrophy,
and mice deficient in hTid-1/Dnaja3 have been found
to have decreased mitochondrial DNA copy number
and to develop dilated cardiomyopathy and progressive
respiratory chain deficiency, subsequently causing the
death of mice before 10 weeks of age. These observations
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suggest that hTid-1 is essential for mitochondrial bio-
genesis through its chaperone activity on the a-subunit
of DNA polymerase y (Polga), and plays a necessary role
in preventing Dilated Cardiomyopathy (DCM) [31]. The
highly expressed Carboxyl-terminus of Hsc70 Interact-
ing Protein (CHIP) shows a strong cardio-protective
effect by inhibiting apoptosis following ischemia/rep-
erfusion injury [118, 119]. Hypertensive mice subjects
have also been shown to have reduced CHIP and hTid-1
expression. Isoproterenol (ISO) has been found to induce
hypertrophy and apoptosis in cardiac myocytes both
in vivo and in vitro, by stimulation of the (,-adrenergic
receptor(p;-AR), which signals through a stimulatory G
protein (Gs) thereby activating adenylyl cyclase (AC) via
its a-subunit (Gas) and subsequently inducing the for-
mation of cAMP and protein kinase A activation [120].
Similar results were also seen in ISO-induced hyper-
trophy in H9c2 cell lines, which led to a decrease in the
hTid-1 and CHIP expression and subsequent hypertro-
phy and apoptosis. Over-expression of hTid-1 was seen
to cause an increase in endogenous expression of CHIP.
Gas are an important regulator of cardiomyocyte apop-
tosis and lead to the failure phenotype [121], and it has
been found that hTid-1 over-expression caused the deg-
radation of Gas by CHIP activation, and so targeting Gas
for degradation may have a cardioprotective effect [122].
Lipopolysaccharide (LPS) has been found to induce cel-
lular hypertrophy by upregulation of hypertrophy marker
ANP and BNP in cardiomyocytes [123]. Over-expression
of hTid-1S has been found to suppress the expression of
TLR-4, NFATc3, and BNP proteins, which subsequently
caused LPS-induced cardiac hypertrophy inhibition. It
has been shown that hTid-1S causes activation of p-PI3K
and p **™73 Akt survival protein expression, subsequently
leading to inhibition of LPS-induced cardiac hypertro-
phy, thereby suggesting that hTid-1S causes attenuation
of cardiomyoblast cell damages initiated by LPS induc-
tion [124].

Role of hTid-1 in neurodegenerative diseases:

Neurodegenerative diseases are caused by the degen-
eration and eventual death of nerve cells in the brain or
peripheral nervous system, affecting several body activi-
ties such as balance, movement, talking, breathing, and
heart function. While the role of hTid-1 has been widely
studied in different cancer environments, not much was
studied about its role in neurodegenerative diseases.
Parkinson’s Disease (PD) is a neurodegenerative dis-
ease identified by the loss of dopaminergic neurons in
the substantia nigra (midbrain dopaminergic nucleus
modulating motor movement and reward functions as
part of the basal ganglia circuitry) and the a-synuclein
(neuronal protein regulating synaptic vesicle trafficking
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and neurotransmitter release) aggregation into Lewy
bodies. The Lewy bodies are abnormal aggregations of
proteins that develop inside nerve cells, consisting of
alpha-synuclein along with other proteins like ubiquitin,
neurofilament protein, and alpha-B Crystallin, occasion-
ally surrounded by neurofibrillary tangles [125, 126].
However, the biochemical pathways in PD which modu-
late the outcome of protein misfolding and aggregation
processes are still not known. Molecular chaperones
play important protective roles in protein misfolding
diseases like PD by aiding in the proper folding of mis-
folded proteins [127, 128]. Recent studies show that upon
assessment of sensory and motor function and brain
region-specific expression levels by western blot analyses
in control and PD rats, a 26 kDa breakdown product of
the Dna]J fragment of hTid-1 was found in a 6-hydroxy-
dopamine (6-OHDA) PD model of rats, in which gait
symmetry, food handling, and sensory performance were
found to be compromised [33]. 6-OHDA was used as a
PD-mimetic as the 6-OHDA model has been extensively
characterized functionally, and the 6-OHDA lesion in the
nigrostriatal bundle of rats is comparable to other PD-
mimetics because it involves gene transcription changes
[129, 130]. The behavioral findings in 6-OHDA rats also
mimic the motor and sensory deformities that are typi-
cally displayed in human PD patients [33]. The finding
of the 26 kDa immunoreactive product of HTID-1, in
the PD rat model suggests that hTid-1-mediated stabil-
ity and proper protein folding are compromised in PD.
These results suggested that the changes in cellular lev-
els of hTid-1 caused due to the 26 kDa hTid-1 breakdown
product are critical in the pathogenesis of PD hindering
the functional and structural compensation and causing
an increase in the neurodegenerative processes [33].
Another neurodegenerative disease, Alzheimer’s dis-
ease is a neurodegenerative disease affecting a major
population of people which causes the death of brain
cells and brain atrophy. The deposition of amyloid-beta
42 (AP42) is considered to be a very critical factor caus-
ing the pathogenesis of AD [131, 132]. Mitochondrial
dysfunctions and oxidative stresses play big roles in Alz-
heimer’s Disease (AD) pathogenesis. Zhou et al. [34],
reported that in the brain hippocampal complex of AD
patients and Tg2576 mice, upregulation of hTid-1 is
observed. Their study shows that in rat cortical neurons,
AP42 was found to increase the expression of hTid-1, and
hTid-1 knockdown prevented AP42 induced neuronal
cell death. Further, hTid-1 over-expression in HEK293-
APP cells increased the BACE1 levels, subsequently aug-
menting the AP levels in the cell. This activates the c-Jun
N-terminal kinase (JNK) and amplifies the production of
ApB. These results suggested that hTid-1 induces apopto-
sis and increases AP production in hippocampal brain
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sections of patients with AD and Tg2576 mice and can
hence be studied further for therapeutic intervention for
AD [34].

Recently, Patra et al. [133] reported a very interesting
case of the first human mitochondrial disease linked to a
variant of the hTid-1 protein, c¢.452G > C (p.(Argl151Thr)),
causing intellectual disability, developmental delay,
unsteady gait, and peripheral polyneuropathy. This par-
ticular variant of hTid-1 is imported into the mitochon-
dria at a lower rate than the wild-type protein, and it was
found in a single patient from a consanguineous fam-
ily. However, the lower import rate of the variant wasn't
necessarily the contributing factor to the deformities
observed in the patient. The brain MRI of the patient
revealed basal ganglia disease. A key function of hTid-1
is to assist mortalin (human mitochondrial Hsp70) in
the reactivation of misfolded or aggregating proteins by
accelerating ATP hydrolysis to ADP by using mortalin,
thereby enhancing the binding of unfolded proteins to
mortalin. hTid-1L was found to induce a fourfold increase
in the ATPase activity of mortalin, while the c.452G>C
(p. (Argl51Thr)) variant affected the ATPase activity of
mortalin by only twofold only. These results show that
the hTid-1 ¢.452G > C (p. (Argl51Thr)) variant functions
poorly as a co-chaperone to mortalin as it isn’t able to
efficiently regulate the Hsp70 ATPase activity and as a
result, the disaggregation function of mortalin-hTid-1 is
compromised in the hTid-1 ¢.452G>C (p. (Argl51Thr))
variant. These effects generate developmental deformi-
ties in the patient. This study proves that hTid-1 plays an
important role during neuronal development [132].

Conclusion

The role of hTid-1 is critical to a variety of cellular pro-
cesses like growth, proliferation, differentiation, senes-
cence, survival, apoptosis, etc., and many studies have
been done to have a better understanding of how this
particular protein functions in the cell. These studies
aimed at understanding how hTid-1 interacts with other
proteins in the cell that result in specific responses to cel-
lular and environmental stresses. hTid1 is a Dna]J protein
52 kDa protein that has two common splice variants in
humans, i.e., hTid-1L and hTid-1S. The two splice vari-
ants have been found to show opposite effects in several
cancers and regulation of different proteins in the cell.
hTid1 also plays an important role in different signaling
pathways of the cell and the anomalies in cellular signal-
ing cascades result in different kinds of cancers and other
disease states. hTid-1 plays an important role in eliciting
specific responses to these abnormal states in the cell.
This review aims at establishing the relations between
hTid-1 and its various interacting cellular and viral pro-
teins that play an important role in their specific cellular
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localizations and responses to different disease states.
These observations can be considered monumental in
identifying hTid-1 as an important focal point for the
development of future therapeutic approaches that could
help in designing treatment approaches to complex dis-
eases such as different cancers, dilated cardiomyopathies,
and neurodegenerative diseases. The current knowledge
about the role of hTid-1 in different diseases can be col-
laborated with the knowledge of hTid-1 interacting pro-
teins to possibly find out more signaling pathways and
their anomalies that result in these diseases. Such holis-
tic information and knowledge about more than one
signaling pathway that results in diseases can only help
in designing better and more stringent therapeutics to
address these complex disorders.

hTid1l plays important roles in several aspects of the
cell. hTid1 is an important co-chaperone in the Jak kinase
pathway [15]. Co-chaperones play important roles in
the cell in assisting the chaperones in substrate protein
selection and in aiding the proper folding of misfolded
proteins [134]. hTid-1 through its role in the Jak-STAT
pathway helps in the control of leukemia [15]. Leukemia
is the most common type of cancer in children [135] and
Jak kinases are implicated in the pathogenesis of leuke-
mia. Studies by Sarkar et al. [15] show that hTid-1 acts
as an important negative regulator of the JAK-STAT
pathway. hTid-1 acts as a co-chaperone and causes con-
formational changes in Hsp70/Hsc70 which cause it to
interact with Jak and lead to its inhibition. While the role
of co-chaperones has been studied widely in the context
of protein misfolding and neurodegenerative disorders,
this is an important study that helps to highlight how co-
chaperones help in the prevention of disease progression
in cancers.

Another important aspect of the role of hTid-1 in the
cell is in the proteasomal degradation of proteins which
is important in the regulation of gene expression and
responses to stresses [136]. It is important to note that
hTid-1 plays a pivotal role in the regulation of expres-
sion of several proteins that play important roles in can-
cers, notably, breast and lung cancers. The degradation of
ErbB2 and EGEFR that play direct roles in the progression
of breast and lung cancers are degraded by hTid-1 via the
proteasomal pathway which is an important indicator as
to why hTid-1 can act as a potential molecule of inter-
est in the future to treat cancers. Additionally, in cancer
cells, autophagy suppresses tumorigenicity by inhibi-
tion of cancer-cell survival and inducing cell death [137].
Since hTid-1 plays a vital role in autophagy by facilitat-
ing the formation of the LC3_autophagosome foci [41],
so, it would be interesting to know more about the roles
of hTid-1 in autophagy and the cellular pathways by
which hTid-1 may affect the process of carcinogenesis via
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autophagic pathways. hTid-1 not only affects autophagy
in cancer but it also plays major role in other diseases like
neurodegenerative disorders. In Alzheimer’s disease, the
expression of Beclin-1 which is a key component in the
formation of the LC3_autophagosome foci is found to be
reduced. This leads to the impairment of autophagy in
the AD brain which affects mitochondrial clearance and
APP processing [138]. Since hTid-1 directly interacts with
Beclin-1 and executes autophagy induction, so, this can
open up a new arena of research on initiating autophagy
in the AD brain which could reduce the accumulation of
amyloid-P, and hence improve the disease pathology of
AD.

hTid-1 plays important roles in several important sign-
aling pathways of the cell and helps to regulate important
cellular processes. APC plays an important role in the
Whnt signaling pathway, and hTid-1 is involved in complex
formation with APC which helps to regulate cellular pro-
liferation [68]. This is important to ensure the controlled
growth and proliferation of the cells, and hence hTid-1
plays the role of a tumor suppressor along with APC.
Similarly, hTid-1 interacts with the Trk receptor kinases
and helps to regulate synaptic strength and plasticity of
the mammalian nervous system [24, 54]. Another impor-
tant role of hTid-1 in the regulation of synaptic strength
is via its interaction with MuSK which helps in proper
synaptic transmission [73].

hTid-1 plays an important role in the regulation of two
processes i.e., maintenance of the integrity of mitochon-
drial DNA (mtDNA) and maintenance of homogenous
distribution of mitochondrial membrane potential. Loss
of mitochondrial membrane potential is a signal for bio-
energetic stress and may result in cell death via the release
of apoptotic proteins [139]. Since hTid-1 plays an impor-
tant role in the maintenance of mitochondrial membrane
potential, so it would be interesting to also study cellular
death via regulation of hTid-1 expression in cancer cells
[80]. It might open up new avenues in the future to cause
the death of cells whose cellular machinery has gone
haywire because of different stresses and cellular insults.
Studies by Ng AC et al. [80] show that hTid-1 also plays
an important role in the process of myogenesis, as the
deficiency of hTid-1 has been seen to cause the impair-
ment of mitochondrial activity and hence death of myo-
blast cells. This study is fundamental in recognizing that
hTid-1 not only plays an important role in several disease
states but also is instrumental in the regulation of pro-
cesses in a healthy body.

On one hand, hTid-1 plays an important role in the
process of myogenesis, and on the other hand, hTid1l
plays an important role in muscular disorders such as
dilated cardiomyopathy. Lower expression of hTid1 has
been found to decrease the mitochondrial copy number
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in cardiac cells and causes dilated cardiomyopathy
in mice. hTid-1 has been shown to exhibit a cardio-
protective role by degradation of Gas via increasing
the expression of CHIP. Gas is an important member
of the G-protein (guanine nucleotide-binding pro-
tein)—coupled receptors (GPCR) family of proteins
that play pivotal roles in the physiological regulation
of cardiac function and hence can be drug targets for
the treatment of cardiac malfunctions [140]. Thus, the
interaction of hTid-1 with Gas can be monumental in
identifying hTid-1 as a therapeutic target for cardiac
disorders.

While hTid-1 predominantly acts as a tumor suppres-
sor in the cell, there are certain instances, like those in
Lung cancers wherein hTid-1 expression results in poor
prognosis in different disease phenotypes. The cellular
microenvironment and the cellular localization of hTid-1
are also important factors in determining the specific
response of hTid-1 in different disease states. The two
splice variants of hTid-1, i.e., hTid-1L and hTid-1S local-
ize to different areas in the cell and that causes them to
interact with a different array of proteins, thereby elicit-
ing different responses to different cellular and environ-
mental stresses and stimuli. Also, the fact that the two
hTid-1 splice variants generally elicit opposing reactions
to different cellular processes such as apoptosis is an
important determinant of the role of hTid-1 in different
diseases and disorders of the cell. It is of importance to
note here how Tid1 splice variants affect the fate of Lung
cancers differently, as Tid1S has been found to aid in the
cancer development of NSCLC patients by enhancing the
migration and invasiveness of the malignant cells [84].
On the contrary, higher expression of TidlL has been
found to play a key role in the inhibition of lung adeno-
carcinomas [61]. However, Tid1L and TidlS have been
shown to affect the gliomas in opposite ways, as higher
expression of Tid1S has been seen to affect the survival
rate in a more positive manner [107]. In the few neuro-
degenerative diseases that have been studied in the con-
text of Tid1 Expression, higher Tid1 expression has been
found to affect the survival rate of Alzheimer’s disease
poorly, while an opposite effect was seen in the case of
Parkinson’s Disease.

To have more clarity on the splice variants of hTid-1
and their specific roles, it would be interesting to find
out the effect the different splice variants of hTid-1 have
on the different disorders that result from hTid-1 expres-
sion imbalances. In a summary, hTid-1 lies at the focal
point of several important signaling pathways and other
processes in the cell, and more research into its altered
expression levels in different diseases states and other
anomalies is required to develop it into a potential target
for varied therapeutic approaches.
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Future perspectives

Owing to the important role that hTid-1 plays in differ-
ent cancers, cardiovascular diseases, and neurodegenera-
tive disorders, it is evident that more research needs to
be done to understand the specific roles of hTid-1 in dif-
ferent diseases and if hTid-1 can be used as a biomarker
for the specified human disorders. It has been seen that
while the expression levels of most Hsp40 proteins are
low in cancer cells and that mostly Hsp40 proteins have
been seen to exhibit tumor-suppressive functions, how-
ever, in Cancer Stem Cells (CSCs) isolated from a popula-
tion of Renal Cell Carcinoma (RCC), DNAJBS8 expression
level was found to be higher, which was suggestive of its
role in cancer initiation. A mouse control of RCC vac-
cinated against DNAJB8 was found to have a significant
reduction in tumor size and growth [141] In similar ways,
vaccines can be developed against the specific variants
of hTid-1 that have been found to show oncogenic func-
tions and aid in tumor development. Even in the case of
Alzheimer’s disease, wherein hTid-1 has been shown to
increase the levels of AP which cause the formation of
senile plaques in the brain, vaccines targeting the specific
variant of hTid-1 can help in alleviating some of the risk
factors of AD. Further research has to be done to shed
light on which specific splice variants of hTid-1 cause the
disease states. Small molecule derivatives of phenoxy-N-
arylacetamides have been found to be effective in inhib-
iting several Hsp40 proteins [142], and it remains to be
seen in the future how effective they are against hTid-1.
Thus, to date, it remains to be researched as to whether it
would add more value to the life of patients by aiding or
inhibiting the expression of hTid-1 in the cell. Depending
on the information from these important scientific devel-
opments that have helped to more or less understand the
role of hTid-1 in different cancers and neurodegenerative
disorders and other disorders of the heart, it would add
immense value to the life expectancy of patients suffer-
ing from these disorders to design specific molecules that
can alter the responses caused by the erroneous expres-
sion of hTid-1.

Abbreviations

hTid-1: Human-tumorous imaginal disc 1; DNAJA3: DnaJ homolog subfamily
A member 3; Hsp: Heat shock protein; HEK293EBNA: HEK 293 cell line express-
ing the Epstein—Barr virus nuclear antigen-1; Hsc 70: Heat shock cognate 70;
STAT: Signal transducer and activator of transcription; mtDNA: Mitochondrial
DNA; LC3: Microtubule-associated protein light chain 3; GATE-16: Golgi-
associated ATPase enhancer of 16 KDa; GABARAP: G-amino butyric acid type
A receptor-associated protein; Wnt: Wingless and Int-1; Trk: Tyrosine receptor
kinase; HPV: Human papillomavirus; HTLV-1: Human T cell leukemia virus type
1, Tax: Transactivator from the X-gene region; EBV: Epstein Barr virus; BARF1:
BamH1-A rightward frame-1; BL: Burkitt's lymphoma; NPC: Nasopharyngeal
carcinoma; HBV: Hepatitis B virus; HCC: Hepatocellular carcinoma; Jak: Janus
kinases; ErbB2: Erb-B2 receptor tyrosine kinase 2; EGFR: Epidermal growth
factor receptor; NF-kB: Nuclear factor kappa-light-chain-enhancer of activated
B cells; HIF-1a: Hypoxia-inducible factor 1-alpha; pVHL: Von Hippel-Lindau



Banerjee et al. Cell Communication and Signaling (2022) 20:109

protein; VEGF: Vascular endothelial growth factor; MetR: C-Met receptor
tyrosine kinase; HGF: Hepatocyte growth factor; CHIP: Carboxyl terminus of
heat shock cognate 70 interacting protein; NGF: Nerve growth factor; MuSK:
Muscle-specific kinase; AChR: Acetylcholine receptor; NMR: Neuro-muscular
junctions; NDUFS3: NADH dehydrogenase (ubiquinone) iron-sulfur protein 3;
NDUFA9-NADH: Ubiquinone oxidoreductase subunit A9; NSCLC: Non-small
cell lung cancer; IL8: Interleukin-8; HNSCC: Head and neck squamous cell
carcinomas; NCMT: Non-cancerous matched tissues; hnRNP: Heterogene-
ous nuclear ribonucleoproteins; APC: Adenomatous polyposis coli; TCF/LEF:
T-cell factor/lymphoid enhancer factor; TNFa: Tumor necrosis factor-alpha;
DCM: Dilated cardiomyopathy; ISO: Isoproterenol; TRPC6: Transient receptor

protein channels C6; PD: Parkinson's disease; AD: Alzheimer’s disease; 6-OHDA:

6-Hydroxydopamine; AB42: Amyloid-beta 42; BACE-1: Beta-secretase 1; CSC:
Cancer stem cells.

Acknowledgements
NA

Author contributions
SB, AS, HK: Conceptualization, Methodology, and Visualization. SB: Resources,

Writing-Original Draft Preparation. RC, HK: Supervision. SB, AS: Writing-Review

and Editing. All authors read and approved the final manuscript.

Funding

The work of SB was supported by funding from UGC (21/12/2014 (i)EU-V).
The work of AS was supported by funding from UGC (F.15-1/2016-17/
PDFWM-2015-17-UTT-33566(SA-I1)).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no financial or non-financial competing
interests.

Received: 7 March 2022 Accepted: 20 May 2022
Published online: 19 July 2022

References

1. Matz JM, Blake MJ, Tatelman HM, Lavoi KP, Holbrook NJ. Characteriza-
tion and regulation of cold-induced heat shock protein expression in
mouse brown adipose tissue. Am J Physiol. 1995;269(1 Pt 2):R38-47.
https://doi.org/10.1152/ajpregu.1995.269.1.R38.PMID7631901.

2. CaoY, Ohwatari N, Matsumoto T, Kosaka M, Ohtsuru A, Yamashita
S.TGF-betal mediates 70-kDa heat shock protein induction due
to ultraviolet irradiation in human skin fibroblasts. Pflugers Arch.
1999;438(3):239-44. https://doi.org/10.1007/5004240050905.PMID1
0398851.52CID28219505.

3. Laplante AF, MoulinV, Auger FA, Landry J, Li H, Morrow G, Tanguay RM,
Germain L. Expression of heat shock proteins in mouse skin during

wound healing. J Histochem Cytochem. 1998;46(11):1291-301. https://

doi.org/10.1177/002215549804601109.PMID9774628.

4. De Maio A. Heat shock proteins: facts, thoughts, and dreams. Shock.
1999;11(1):1-12. https://doi.org/10.1097/00024382-199901000-00001.
PMID9921710.

5. Sterrenberg JN, Blatch GL, Edkins AL. Human DNAJ in cancer and stem
cells. Cancer Lett. 2011;312(2):129-42. https://doi.org/10.1016/j.canlet.
2011.08.019.

20.

22.

23.

24.

Page 20 of 23

Boudesco C, Verhoeyen E, Martin L, et al. HSP110 sustains chronic NF-kB
signaling in activated B-cell diffuse large B-cell lymphoma through
MyD88 stabilization. Blood. 2018;132(5):510-20. https://doi.org/10.
1182/blood-2017-12-819706.

Schilling B, De-Medina T, Syken J, Vidal M, Miinger K. A novel human
DnaJ protein, hTid-1, a homolog of the Drosophila tumor suppressor
protein Tid56, can interact with the human papillomavirus type 16 E7
oncoprotein. Virology. 1998;247(1):74-85. https://doi.org/10.1006/viro.
1998.9220.

Silver JC, Brunt SA, Kyriakopoulou G, Borkar M, Nazarian-Armavil V.
Regulation of two different hsp70 transcript populations in steroid
hormone-induced fungal development. Dev Genet. 1993;14:6-14.
https://doi.org/10.1002/dvg.1020140103.

Lu B, Garrido N, Spelbrink JN, Suzuki CK. hTid-1 isoforms are mitochon-
drial DnaJ-like chaperones with unique carboxyl termini that determine
cytosolic fate. J Biol Chem. 2006,281(19):13150-8. https://doi.org/10.
1074/jbc.M509179200.

Gething MJ. Guide book series. New York: Oxford University Press; 1997.
p. 89-130.

Bukau B, Horwich AL. The Hsp70 and Hsp60 chaperone machines. Cell.
1998;92(3):351-66. https://doi.org/10.1016/50092-8674(00)80928-9.
Voos W, Rottgers K. Molecular chaperones as essential mediators of
mitochondrial biogenesis. Biochim Biophys Acta. 2002;1592(1):51-62.
https://doi.org/10.1016/50167-4889(02)00264-1.

Syken J, De-Medina T, Miinger K. HTID-1, a human homolog of the
drosophila tumor suppressor I(2)tid, encodes two mitochondrial modu-
lators of apoptosis with opposing functions. Proc Natl Acad Sci USA.
1999;96(15):8499-504. https://doi.org/10.1073/pnas.96.15.8499.
Kurzik-Dumke U, Debes A, Kaymer M, Dienes H-P. Mitochondrial
localization and temporal expression of the drosophila melanogaster
DnaJ homologous tumor suppressor Tid50. Cell Stress Chaperones.
1998;3:12-27. https://doi.org/10.1379/1466-1268(1998)003%3c0012:
MLATEO%3e2.3.CO;2.

Sarkar S, Pollack BP, Lin KT, et al. hTid-1, a human DnaJ pro-

tein, modulates the interferon signaling pathway. J Biol Chem.
2001;276(52):49034-42. https://doi.org/10.1074/jbc.M103683200.
Cheng H, Cenciarelli C, Shao Z, et al. Human T cell leukemia virus type 1
Tax associates with a molecular chaperone complex containing hTid-1
and Hsp70. Curr Biol. 2001;11(22):1771-5. https://doi.org/10.1016/
50960-9822(01)00540-1.

Cheng H, Cenciarelli C, Tao M, Parks WP, Cheng-Mayer C. HTLV-1 Tax-
associated hTid-1, a human Dnal protein, is a repressor of | kappa B
kinase beta subunit. J Biol Chem. 2002;277(23):20605-10. https://doi.
org/10.1074/jbc.M201204200.

Eom CY, Heo WD, Craske ML, Meyer T, Lehman IR. The neural F-box
protein NFB42 mediates the nuclear export of the herpes simplex virus
type 1 replication initiator protein (UL9 protein) after viral infection.
Proc Natl Acad Sci USA. 2004;101(12):4036-40. https://doi.org/10.1073/
pnas.0400738101.

Trentin GA, He Y, Wu DC, Tang D, Rozakis-Adcock M. Identification of

a hTid-1 mutation which sensitizes gliomas to apoptosis. FEBS Lett.
2004;578(3):323-30. https://doi.org/10.1016/j febslet.2004.11.034.
Tarunina M, Alger L, Chu G, Munger K, Gudkov A, Jat PS. Functional
genetic screen for genes involved in senescence: role of hTid-1, a
homologue of the Drosophila tumor suppressor 1(2)tid, in senescence
and cell survival. Mol Cell Biol. 2004,24(24):10792-801. https://doi.org/
10.1128/M(CB.24.24.10792-10801.2004.

Kim SW, Hayashi M, Lo JF, et al. hTid-1 negatively regulates the
migratory potential of cancer cells by inhibiting the production of
interleukin-8. Cancer Res. 2005;65(19):8784-91. https://doi.org/10.1158/
0008-5472.CAN-04-4422.

Torregroza |, Evans T. hTid-1 is a Smad-binding protein that can modu-
late Smad?7 activity in developing embryos. Biochem J. 2006;393(Pt
1):311-20. https://doi.org/10.1042/BJ20050785.

Trentin GA, Yin X, Tahir S, et al. A mouse homologue of the Drosophila
tumor suppressor |(2)tid gene defines a novel Ras GTPase-activating
protein (RasGAP)-binding protein. J Biol Chem. 2001;276(16):13087-95.
https://doi.org/10.1074/jbc.M009267200.

Liu HY, MacDonald JI, Hryciw T, Li C, Meakin SO. Human tumorous
imaginal disc 1 (HTID-1) associates with Trk receptor tyrosine kinases


https://doi.org/10.1152/ajpregu.1995.269.1.R38.PMID7631901
https://doi.org/10.1007/s004240050905.PMID10398851.S2CID28219505
https://doi.org/10.1007/s004240050905.PMID10398851.S2CID28219505
https://doi.org/10.1177/002215549804601109.PMID9774628
https://doi.org/10.1177/002215549804601109.PMID9774628
https://doi.org/10.1097/00024382-199901000-00001.PMID9921710
https://doi.org/10.1097/00024382-199901000-00001.PMID9921710
https://doi.org/10.1016/j.canlet.2011.08.019
https://doi.org/10.1016/j.canlet.2011.08.019
https://doi.org/10.1182/blood-2017-12-819706
https://doi.org/10.1182/blood-2017-12-819706
https://doi.org/10.1006/viro.1998.9220
https://doi.org/10.1006/viro.1998.9220
https://doi.org/10.1002/dvg.1020140103
https://doi.org/10.1074/jbc.M509179200
https://doi.org/10.1074/jbc.M509179200
https://doi.org/10.1016/s0092-8674(00)80928-9
https://doi.org/10.1016/s0167-4889(02)00264-1
https://doi.org/10.1073/pnas.96.15.8499
https://doi.org/10.1379/1466-1268(1998)003%3c0012:MLATEO%3e2.3.CO;2
https://doi.org/10.1379/1466-1268(1998)003%3c0012:MLATEO%3e2.3.CO;2
https://doi.org/10.1074/jbc.M103683200
https://doi.org/10.1016/s0960-9822(01)00540-1
https://doi.org/10.1016/s0960-9822(01)00540-1
https://doi.org/10.1074/jbc.M201204200
https://doi.org/10.1074/jbc.M201204200
https://doi.org/10.1073/pnas.0400738101
https://doi.org/10.1073/pnas.0400738101
https://doi.org/10.1016/j.febslet.2004.11.034
https://doi.org/10.1128/MCB.24.24.10792-10801.2004
https://doi.org/10.1128/MCB.24.24.10792-10801.2004
https://doi.org/10.1158/0008-5472.CAN-04-4422
https://doi.org/10.1158/0008-5472.CAN-04-4422
https://doi.org/10.1042/BJ20050785
https://doi.org/10.1074/jbc.M009267200

Banerjee et al. Cell Communication and Signaling

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

(2022) 20:109

and regulates neurite outgrowth in nnr5-TrkA cells. J Biol Chem.
2005;280(20):19461-71. https://doi.org/10.1074/jbc.M500313200.
Sasaki S, Nakamura T, Arakawa H, et al. Isolation and characterization
of a novel gene, hRFI, preferentially expressed in esophageal cancer.
Oncogene. 2002;21(32):5024-30. https://doi.org/10.1038/sj.onc.12056
27.

Ahn BY, Trinh DL, Zajchowski LD, Lee B, Elwi AN, Kim SW. hTid-1 is a new
regulator of p53 mitochondrial translocation and apoptosis in cancer.
Oncogene. 2010;29(8):1155-66. https://doi.org/10.1038/0nc.2009.413.
Chen C, Méndez E, Houck J, et al. Gene expression profiling identifies
genes predictive of oral squamous cell carcinoma. Cancer Epidemiol
Biomark Prev. 2008;17(8):2152-62. https://doi.org/10.1158/1055-9965.
EPI-07-2893.

Demers M, Biron-Pain K, Hébert J, Lamarre A, Magnaldo T, St-Pierre

Y. Galectin-7 in lymphoma: elevated expression in human lymphoid
malignancies and decreased lymphoma dissemination by antisense
strategies in experimental model. Cancer Res. 2007,67(6):2824-9.
https://doi.org/10.1158/0008-5472.CAN-06-3891.

ChenYS, Chang CW, Tsay YG, et al. HSP40 co-chaperone protein hTid-1
suppresses metastasis of head and neck cancer by inhibiting Galectin-
7-TCF3-MMP9 axis signaling. Theranostics. 2018;8(14):3841-55. https://
doi.org/10.7150/thno.25784.

Wang TH, Lin YH, Yang SC, Chang PC, Wang TC, Chen CY. hTid-1-S
regulates the mitochondrial localization of EGFR in non-small cell lung
carcinoma. Oncogenesis. 2017,6(7):e361. https://doi.org/10.1038/
oncsis.2017.62.

Hayashi M, Imanaka-Yoshida K, Yoshida T, et al. A crucial role of
mitochondrial Hsp40 in preventing dilated cardiomyopathy. Nat Med.
2006;12(1):128-32. https://doi.org/10.1038/nm1327.

Cheng LH, Hung KF, Lee TC, et al. 2016 Mitochondrial co-chaperone
protein hTid-1 is required for energy homeostasis during skeletal
myogenesis. Stem Cell Res Ther. 2016;7(1):185. https://doi.org/10.1186/
$13287-016-0443-8.

Proft J, Faraji J, Robbins JC, et al. Identification of bilateral changes in
HTID-1 expression in the 6-OHDA rat model of Parkinson’s disease. PLoS
ONE. 2011,6(10): €26045. https://doi.org/10.1371/journal.pone.0026045.
Zhou C, Taslima F, Abdelhamid M, et al. Beta-amyloid increases the
expression levels of hTid-1 responsible for neuronal cell death and
amyloid beta production. Mol Neurobiol. 2020;57(2):1099-114. https://
doi.org/10.1007/512035-019-01807-2.

Young JC, Hartl FU. Polypeptide release by Hsp90 involves ATP
hydrolysis and is enhanced by the co-chaperone p23. EMBO J.
2000;19(21):5930-40. https://doi.org/10.1093/emboj/19.21.5930.
Caplan AJ, Cyr DM, Douglas MG. Eukaryotic homologues of Escherichia
coli dnaJ: a diverse protein family that functions with hsp70 stress
proteins. Mol Biol Cell. 1993;4(6):555-63. https://doi.org/10.1091/mbc.4.
6.555.

Qiu XB, Shao YM, Miao S, Wang L. The diversity of the DnaJ/Hsp40
family, the crucial partners for Hsp70 chaperones. Cell Mol Life Sci.
2006;63(22):2560-70. https://doi.org/10.1007/500018-006-6192-6.
Takayama S, Reed JC. Molecular chaperone targeting and regulation by
BAG family proteins. Nat Cell Biol. 2001;3(10):E237-41. https://doi.org/
10.1038/ncb1001-€237.

Chen CY, Jan CI, PiWC, et al. Heterogeneous nuclear ribonucleoproteins
Al and A2 modulate expression of hTid-1 isoforms and EGFR signaling
in non-small cell lung cancer. Oncotarget. 2016,7(13):16760-72. https://
doi.org/10.18632/0oncotarget.7606.

Yang 'Y, Fiskus W, Yong B, et al. Acetylated hsp70 and KAP1-mediated
Vps34 SUMOylation is required for autophagosome creation in
autophagy. Proc Natl Acad Sci USA. 2013;110(17):6841-6. https://doi.
org/10.1073/pnas.1217692110.

Niu G, Zhang H, Liu D, et al. hTid-1, the mammalian homologue of dros-
ophila tumor suppressor Tid56, mediates macroautophagy by interact-
ing with beclin1-containing autophagy protein complex. J Biol Chem.
2015;290(29):18102-10. https://doi.org/10.1074/jbc.M115.665950.
Hershko A, Ciechanover A. The ubiquitin system. Annu Rev Biochem.
1998;67:425-79. https://doi.org/10.1146/annurev.biochem.67.1.425.
Hershko A. Lessons from the discovery of the ubiquitin system. Trends
Biochem Sci. 1996;21(11):445-9. https://doi.org/10.1016/50968-
0004(96)10054-2.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Page 21 of 23

Komander D, Rape M. The ubiquitin codes. Annu Rev Bio-

chem. 2012;81:203-29. https://doi.org/10.1146/annurev-bioch
em-060310-170328.

Zheng N, Shabek N. Ubiquitin ligases: structure, function, and regula-
tion. Annu Rev Biochem. 2017,86:129-57. https://doi.org/10.1146/
annurev-biochem-060815-014922.

Kim SW, Chao TH, Xiang R, Lo JF, Campbell MJ, Fearns C, Lee JD. Tid1,
the human homologue of a Drosophila tumor suppressor, reduces
the malignant activity of ErbB-2 in carcinoma cells. Cancer Res.
2004,64:7732-9.

Baehrecke EH. Autophagy: dual roles in life and death? Nat Rev Mol Cell
Biol. 2005;6(6):505-10. https://doi.org/10.1038/nrm1666.

Kondo Y, Kanzawa T, Sawaya R, Kondo S. The role of autophagy in
cancer development and response to therapy. Nat Rev Cancer.
2005;5(9):726-34. https://doi.org/10.1038/nrc1692.

Klionsky DJ. The molecular machinery of autophagy: unanswered ques-
tions. J Cell Sci. 2005;118(Pt 1):7-18. https://doi.org/10.1242/jcs.01620.
Suzuki K, Kubota Y, Sekito T, Ohsumi Y. Hierarchy of Atg proteins in pre-
autophagosomal structure organization. Genes Cells. 2007;12(2):209-
18. https://doi.org/10.1111/j.1365-2443.2007.01050.x.

Levine B, Kroemer G. Autophagy in the pathogenesis of disease. Cell.
2008;132(1):27-42. https://doi.org/10.1016/j.cell.2007.12.018.

Komiya Y, Habas R. Wnt signal transduction pathways. Organogenesis.
2008;4(2):68-75. https://doi.org/104161/0rg.4.2.5851.

Habas R, Dawid IB. Dishevelled and Wnt signaling: is the nucleus the
final frontier? J Biol. 2005;4(1):2. https://doi.org/10.1186/jbiol22.

Huang EJ, Reichardt LF. Trk receptors: roles in neuronal signal transduc-
tion. Annu Rev Biochem. 2003;72:609-42. https://doi.org/10.1146/
annurev.biochem.72.121801.161629.

Malenka RC, Nestler EJ, Hyman SE. Chapter 8: Atypical neurotransmit-
ters. In: Sydor A, Brown RY, editors. Molecular neuropharmacology: a
foundation for clinical neuroscience (2nd edn). New York: McGraw-Hill
Medical; 2009.

Tavaria M, Gabriele T, Kola I, Anderson RL. A hitchhiker’s guide to the
human Hsp70 family. Cell Stress Chaperones. 1996;1(1):23-8. https.//
doi.org/10.1379/1466-1268(1996)001%3c0023:ahsgtt%3e2.3.co;2.
Morano KA. New tricks for an old dog: the evolving world of Hsp70.
Ann N'Y Acad Sci. 2007;1113:1-14. https://doi.org/10.1196/annals.1391.
018.

Binari R, Perrimon N. Stripe-specific regulation of pair-rule genes by
hopscotch, a putative Jak family tyrosine kinase in Drosophila. Genes
Dev. 1994;8(3):300-12. https://doi.org/10.1101/gad.8.3.300.

lhle JN. Cytokine receptor signalling. Nature. 1995;377(6550):591-4.
https://doi.org/10.1038/377591a0.

Hubbard SR. Mechanistic insights into regulation of JAK2 tyrosine
kinase. Front Endocrinol (Lausanne). 2018;8:361. https://doi.org/10.
3389/fendo.2017.00361.

Chen CY, Jan Cl, Lo JF, et al. hTid-1-L inhibits EGFR signaling in lung
adenocarcinoma by enhancing EGFR Ubiquitinylation and degradation.
Cancer Res. 2013;73(13):4009-19. https://doi.org/10.1158/0008-5472.
CAN-12-4066.

Ghosh S, May MJ, Kopp EB. NF-kappa B and Rel proteins: evolutionar-
ily conserved mediators of immune responses. Annu Rev Immunol.
1998;16:225-60. https://doi.org/10.1146/annurevimmunol.16.1.225.

Li Q Verma IM. NF-kappaB regulation in the immune system [published
correction appears in Nat Rev Immunol 2002 Dec; 2(12):975]. Nat Rev
Immunol. 2002;2(10):725-34. https://doi.org/10.1038/nri910.

Cheng H, Cenciarelli C, Nelkin G, et al. Molecular mechanism of hTid-1,
the human homolog of Drosophila tumor suppressor 1(2)Tid, in the
regulation of NF-kappaB activity and suppression of tumor growth.
Mol Cell Biol. 2005;25(1):44-59. https://doi.org/10.1128/MCB.25.1.44-59.
2005.

Mathew R, Karp CM, Beaudoin B, et al. 2009 Autophagy suppresses
tumorigenesis through elimination of p62 [published correction
appears in Cell. 2011 Apr 15;145(2):322]. Cell. 2009;137(6):1062-75.
https://doi.org/10.1016/j.cell.2009.03.048.

Rao TP, Kuihl M. An updated overview on Wnt signaling pathways: a
prelude for more. Circ Res. 2010;106(12):1798-806. https://doi.org/10.
1161/CIRCRESAHA.110.219840.PMID20576942.


https://doi.org/10.1074/jbc.M500313200
https://doi.org/10.1038/sj.onc.1205627
https://doi.org/10.1038/sj.onc.1205627
https://doi.org/10.1038/onc.2009.413
https://doi.org/10.1158/1055-9965.EPI-07-2893
https://doi.org/10.1158/1055-9965.EPI-07-2893
https://doi.org/10.1158/0008-5472.CAN-06-3891
https://doi.org/10.7150/thno.25784
https://doi.org/10.7150/thno.25784
https://doi.org/10.1038/oncsis.2017.62
https://doi.org/10.1038/oncsis.2017.62
https://doi.org/10.1038/nm1327
https://doi.org/10.1186/s13287-016-0443-8
https://doi.org/10.1186/s13287-016-0443-8
https://doi.org/10.1371/journal.pone.0026045
https://doi.org/10.1007/s12035-019-01807-2
https://doi.org/10.1007/s12035-019-01807-2
https://doi.org/10.1093/emboj/19.21.5930
https://doi.org/10.1091/mbc.4.6.555
https://doi.org/10.1091/mbc.4.6.555
https://doi.org/10.1007/s00018-006-6192-6
https://doi.org/10.1038/ncb1001-e237
https://doi.org/10.1038/ncb1001-e237
https://doi.org/10.18632/oncotarget.7606
https://doi.org/10.18632/oncotarget.7606
https://doi.org/10.1073/pnas.1217692110
https://doi.org/10.1073/pnas.1217692110
https://doi.org/10.1074/jbc.M115.665950
https://doi.org/10.1146/annurev.biochem.67.1.425
https://doi.org/10.1016/s0968-0004(96)10054-2
https://doi.org/10.1016/s0968-0004(96)10054-2
https://doi.org/10.1146/annurev-biochem-060310-170328
https://doi.org/10.1146/annurev-biochem-060310-170328
https://doi.org/10.1146/annurev-biochem-060815-014922
https://doi.org/10.1146/annurev-biochem-060815-014922
https://doi.org/10.1038/nrm1666
https://doi.org/10.1038/nrc1692
https://doi.org/10.1242/jcs.01620
https://doi.org/10.1111/j.1365-2443.2007.01050.x
https://doi.org/10.1016/j.cell.2007.12.018
https://doi.org/10.4161/org.4.2.5851
https://doi.org/10.1186/jbiol22
https://doi.org/10.1146/annurev.biochem.72.121801.161629
https://doi.org/10.1146/annurev.biochem.72.121801.161629
https://doi.org/10.1379/1466-1268(1996)001%3c0023:ahsgtt%3e2.3.co;2
https://doi.org/10.1379/1466-1268(1996)001%3c0023:ahsgtt%3e2.3.co;2
https://doi.org/10.1196/annals.1391.018
https://doi.org/10.1196/annals.1391.018
https://doi.org/10.1101/gad.8.3.300
https://doi.org/10.1038/377591a0
https://doi.org/10.3389/fendo.2017.00361
https://doi.org/10.3389/fendo.2017.00361
https://doi.org/10.1158/0008-5472.CAN-12-4066
https://doi.org/10.1158/0008-5472.CAN-12-4066
https://doi.org/10.1146/annurev.immunol.16.1.225
https://doi.org/10.1038/nri910
https://doi.org/10.1128/MCB.25.1.44-59.2005
https://doi.org/10.1128/MCB.25.1.44-59.2005
https://doi.org/10.1016/j.cell.2009.03.048
https://doi.org/10.1161/CIRCRESAHA.110.219840.PMID20576942
https://doi.org/10.1161/CIRCRESAHA.110.219840.PMID20576942

Banerjee et al. Cell Communication and Signaling

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.

(2022) 20:109

MacDonald BT, Tamai K, He X. Wnt/beta-catenin signaling: components,
mechanisms, and diseases. Dev Cell. 2009;17(1):9-26. https://doi.org/10.
1016/j.devcel.2009.06.016.PMC2861485.PMID19619488.

Kurzik-Dumke U, Czaja J. hTid-1, the human homolog of the Drosophila
melanogaster I(2)tid tumor suppressor, defines a novel physiological
role of APC. Cell Signal. 2007;19(9):1973-85. https://doi.org/10.1016/j.
cellsig.2007.05.008.

Valenzuela DM, Stitt TN, DiStefano PS, Rojas E, Mattsson K, Compton DL,
Nunez L, Park JS, Stark JL, Gies DR, Thomas S, Le Beau MM, Fernald AA,
Copeland NG, Jenkins NA, Burden SJ, Glass DJ, Yancopoulos GD. Recep-
tor tyrosine kinase specific for the skeletal muscle lineage: expression
in embryonic muscle, at the neuromuscular junction, and after injury.
Neuron. 1995;15:573-84.

Glass DJ, Bowen DG, Stitt TN, Radziejewski C, Bruno J, Ryan TE, Gies DR,
Shah'S, Mattsson K, Burden SJ, DiStefano PS, Valenzuela DM, DeChiara
TM, Yancopoulos GD. Agrin acts via a MuSK receptor complex. Cell.
1996;85:513-23.

Hall ZW, Sanes JR. Synaptic structure and development: the neuromus-
cular junction. Cell. 1993;72(Suppl):99-121.

Burden S. Building the vertebrate neuromuscular synapse. J Neurobiol.
2002;53:501-11.

Linnoila J, Wang Y, Yao Y, Wang ZZ. A mammalian homolog of Dros-
ophila tumorous imaginal discs, Tid1, mediates agrin signaling at the
neuromuscular junction. Neuron. 2008;60(4):625-41. https://doi.org/10.
1016/j.neuron.2008.09.025.

Yao Y, Wang ZZ. A mammalian homolog of Drosophila tumorous
imaginal discs, hTid-1, mediates agrin signaling at the neuromuscular
junction. Neuron. 2008;60(4):625-41. https://doi.org/10.1016/j.neuron.
2008.09.025.

Lang BF, Burger G, O'Kelly CJ, et al. An ancestral mitochondrial

DNA resembling a eubacterial genome in miniature. Nature.
1997;387(6632):493-7. https://doi.org/10.1038/387493a0.

Wang C, Youle RJ. The role of mitochondria in apoptosis*. Annu

Rev Genet. 2009;43:95-118. https://doi.org/10.1146/annur
ev-genet-102108-134850.

Herrmann JM, Riemer J. The intermembrane space of mitochondria.
Antioxid Redox Signal. 2010;13(9):1341-58. https://doi.org/10.1089/ars.
2009.3063.

Aaltonen MJ, Friedman JR, Osman C, et al. MICOS and phospholipid
transfer by Ups2-Mdm35 organize membrane lipid synthesis in mito-
chondria. J Cell Biol. 2016;213(5):525-34. https://doi.org/10.1083/jcb.
201602007.

Miyata N, Watanabe Y, Tamura Y, Endo T, Kuge O. Phosphatidylserine
transport by Ups2-Mdm35 in respiration-active mitochondria. J Cell
Biol. 2016;214(1):77-88. https://doi.org/10.1083/jcb.201601082.

Ng AC, Baird SD, Screaton RA. Essential role of HTID-1 in maintaining
mitochondrial membrane potential homogeneity and mitochondrial
DNA integrity. Mol Cell Biol. 2014;34(8):1427-37. https://doi.org/10.
1128/MCB.01021-13.

Mihara M, Erster S, Zaika A, et al. p53 has a direct apoptogenic role at
the mitochondria. Mol Cell. 2003;11(3):577-90. https://doi.org/10.1016/
$1097-2765(03)00050-9.

Trinh DL, Elwi AN, Kim SW. Direct interaction between p53 and hTid-1
proteins affects p53 mitochondrial localization and apoptosis. Onco-
target. 2010;1(6):396-404. https://doi.org/10.18632/oncotarget.100902.
Herbst RS, Heymach JV, Lippman SM. Lung cancer. N Engl J Med.
2008;359(13):1367-80. https://doi.org/10.1056/NEJMra0802714.

Che TF, Lin CW, Wu YY, et al. Mitochondrial translocation of EGFR
regulates mitochondria dynamics and promotes metastasis in NSCLC.
Oncotarget. 2015;6(35):37349-66. https://doi.org/10.18632/oncotarget.
5736.

Lin YH, Yang SC, Chang PC, Wang TC, Chen CY. hTid-1-S regulates the
mitochondrial localization of EGFR in non-small cell lung carcinoma.
Oncogenesis. 2017,6(7):361. https://doi.org/10.1038/0ncsis.2017.62.
Wang SF, Huang KH, Tseng WC, et al. DNAJA3/hTid-1 is required for
mitochondrial DNA maintenance and regulates migration and invasion
of human gastric cancer cells. Cancers (Basel). 2020;12(11):3463. https://
doi.org/10.3390/cancers12113463.

Maxwell PH, Wiesener MS, Chang GW, et al. The tumour suppressor
protein VHL targets hypoxia-inducible factors for oxygen-dependent

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

99.

101.

104.

105.

107.

108.

Page 22 of 23

proteolysis. Nature. 1999;399(6733):271-5. https://doi.org/10.1038/
20459.

Bae MK, Jeong JW, Kim SH, et al. Tid-1 interacts with the von Hippel-
Lindau protein and modulates angiogenesis by destabilization of
HIF-Talpha. Cancer Res. 2005;65(7):2520-5. https://doi.org/10.1158/
0008-5472.CAN-03-2735.

Tan BS, Tiong KH, Choo HL, et al. Mutant p53-R273H mediates cancer
cell survival and anoikis resistance through AKT-dependent suppres-
sion of BCL2-modifying factor (BMF). Cell Death Dis. 2015;6(7):e1826.
https://doi.org/10.1038/cddis.2015.191.

Chiang YT, Chien YC, Lin YH, Wu HH, Lee DF, Yu YL. The function of the
mutant p53-R175H in cancer. Cancers (Basel). 2021;13(16):4088. https://
doi.org/10.3390/cancers13164088.

Copeland E, Balgobin S, Lee CM, Rozakis-Adcock M. hTid-1 defines a
novel regulator of c-Met Receptor signaling in renal cell carcinomas.
Oncogene. 2011;30(19):2252-63. https://doi.org/10.1038/0nc.2010.601.
Jan Cl, Yu CC, Hung MC, et al. hTid-1, CHIP and ErbB2 interactions

and their prognostic implications for breast cancer patients. J Pathol.
2011;225(3):424-37. https://doi.org/10.1002/path.2921.
Dhennin-Duthille |, Nyga R, Yahiaoui S, et al. The tumor suppressor
hTid-1 inhibits STAT5b activity via functional interaction. J Biol Chem.
2011;286(7):5034-42. https://doi.org/10.1074/jbc.M110.155903.

Goel MK, Khanna P, Kishore J. Understanding survival analysis: Kaplan—
Meier estimate. Int J Ayurveda Res. 2010;1(4):274-8. https://doi.org/10.
4103/0974-7788.76794.

Demers M, Magnaldo T, St-Pierre Y. A novel function for galectin-7:
promoting tumorigenesis by up-regulating MMP-9 gene expression.
Cancer Res. 2005;65(12):5205-10. https://doi.org/10.1158/0008-5472.
CAN-05-0134.

Demers M, Rose AA, Grosset AA, et al. Overexpression of galectin-7, a
myoepithelial cell marker, enhances spontaneous metastasis of breast
cancer cells. Am J Pathol. 2010;176(6):3023-31. https://doi.org/10.2353/
ajpath.2010.090876.

Dogi CL, Mikelis CM, Lionakis MS, Molinolo AA, Gutkind JS. Genetic
identification of SEMA3F as an antilymphangiogenic metastasis
suppressor gene in head and neck squamous carcinoma. Cancer Res.
2015;75(14):2937-48. https://doi.org/10.1158/0008-5472.CAN-14-3121.
Jemal A, Siegel R, Ward E, Hao Y, Xu J, Thun MJ. Cancer statistics, 2009.
CA Cancer J Clin. 2009;59(4):225-49. https://doi.org/10.3322/caac.
20006.

Sun'S, Schiller JH, Gazdar AF. Lung cancer in never smokers-a different
disease. Nat Rev Cancer. 2007;7(10):778-90. https://doi.org/10.1038/
nrc2190.

Laurent-Puig P, Blons H, Cugnenc PH. Sequence of molecular genetic
events in colorectal tumorigenesis. Eur J Cancer Prev. 1999;8(Suppl
1):539-47.

Vogelstein B, Fearon ER, Hamilton SR, et al. Genetic alterations during
colorectal-tumor development. N Engl J Med. 1988;319(9):525-32.
https://doi.org/10.1056/NEJM198809013190901.

Bienz M, Clevers H. Linking colorectal cancer to Wnt signaling. Cell.
2000;103(2):311-20. https://doi.org/10.1016/50092-8674(00)00122-7.
Goss KH, Groden J. Biology of the adenomatous polyposis coli tumor
suppressor. J Clin Oncol. 2000;18(9):1967-79. https://doi.org/10.1200/
JCO.2000.18.9.1967.

Fearnhead NS, Britton MP, Bodmer WF. The ABC of APC. Hum Mol
Genet. 2001;10(7):721-33. https://doi.org/10.1093/hmg/10.7.721.
Kurzik-Dumke U, Hérner M, Czaja J, et al. Progression of colorectal can-
cers correlates with overexpression and loss of polarization of expres-
sion of the hTid-1 tumor suppressor. Int J Mol Med. 2008;21(1):19-31.
Chen KY, Huang YH, Teo WH, Chang CW, Chen VS, Yeh YC, Lee CJ, Lo

JF. Loss of Tid1/DNAJA3 co-chaperone promotes progression and
recurrence of hepatocellular carcinoma after surgical resection: a novel
model to stratify risk of recurrence. Cancers. 2021;13(1):138. https://doi.
0rg/10.3390/cancers13010138.

Bray F, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global
cancer statistics 2018: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2018,68:394-424. https://doi.org/10.3322/caac.21492.

Siegel RL, Miller KD, Jemal A. Cancer statistics. CA Cancer J Clin.
2020;70:7-30. https://doi.org/10.3322/caac.21590.


https://doi.org/10.1016/j.devcel.2009.06.016.PMC2861485.PMID19619488
https://doi.org/10.1016/j.devcel.2009.06.016.PMC2861485.PMID19619488
https://doi.org/10.1016/j.cellsig.2007.05.008
https://doi.org/10.1016/j.cellsig.2007.05.008
https://doi.org/10.1016/j.neuron.2008.09.025
https://doi.org/10.1016/j.neuron.2008.09.025
https://doi.org/10.1016/j.neuron.2008.09.025
https://doi.org/10.1016/j.neuron.2008.09.025
https://doi.org/10.1038/387493a0
https://doi.org/10.1146/annurev-genet-102108-134850
https://doi.org/10.1146/annurev-genet-102108-134850
https://doi.org/10.1089/ars.2009.3063
https://doi.org/10.1089/ars.2009.3063
https://doi.org/10.1083/jcb.201602007
https://doi.org/10.1083/jcb.201602007
https://doi.org/10.1083/jcb.201601082
https://doi.org/10.1128/MCB.01021-13
https://doi.org/10.1128/MCB.01021-13
https://doi.org/10.1016/s1097-2765(03)00050-9
https://doi.org/10.1016/s1097-2765(03)00050-9
https://doi.org/10.18632/oncotarget.100902
https://doi.org/10.1056/NEJMra0802714
https://doi.org/10.18632/oncotarget.5736
https://doi.org/10.18632/oncotarget.5736
https://doi.org/10.1038/oncsis.2017.62
https://doi.org/10.3390/cancers12113463
https://doi.org/10.3390/cancers12113463
https://doi.org/10.1038/20459
https://doi.org/10.1038/20459
https://doi.org/10.1158/0008-5472.CAN-03-2735
https://doi.org/10.1158/0008-5472.CAN-03-2735
https://doi.org/10.1038/cddis.2015.191
https://doi.org/10.3390/cancers13164088
https://doi.org/10.3390/cancers13164088
https://doi.org/10.1038/onc.2010.601
https://doi.org/10.1002/path.2921
https://doi.org/10.1074/jbc.M110.155903
https://doi.org/10.4103/0974-7788.76794
https://doi.org/10.4103/0974-7788.76794
https://doi.org/10.1158/0008-5472.CAN-05-0134
https://doi.org/10.1158/0008-5472.CAN-05-0134
https://doi.org/10.2353/ajpath.2010.090876
https://doi.org/10.2353/ajpath.2010.090876
https://doi.org/10.1158/0008-5472.CAN-14-3121
https://doi.org/10.3322/caac.20006
https://doi.org/10.3322/caac.20006
https://doi.org/10.1038/nrc2190
https://doi.org/10.1038/nrc2190
https://doi.org/10.1056/NEJM198809013190901
https://doi.org/10.1016/s0092-8674(00)00122-7
https://doi.org/10.1200/JCO.2000.18.9.1967
https://doi.org/10.1200/JCO.2000.18.9.1967
https://doi.org/10.1093/hmg/10.7.721
https://doi.org/10.3390/cancers13010138
https://doi.org/10.3390/cancers13010138
https://doi.org/10.3322/caac.21492
https://doi.org/10.3322/caac.21590

Banerjee et al. Cell Communication and Signaling

109.

110.

111,

112.

113.

114.

115.

116.

117.

119.

120.

121.

122.

123.

124.

125.

126.

(2022) 20:109

Ghouri YA, Mian |, Rowe JH. Review of hepatocellular carcinoma: epide-
miology, etiology, and carcinogenesis. J Carcinog. 2017;16:1. https://doi.
0rg/10.4103/jcarJCar_9_16.

El-Serag HB. Epidemiology of viral hepatitis and hepatocellular carci-
noma. Gastroenterology. 2012;142:1264-1273.e1261. https://doi.org/10.
1053/j.gastro.2011.12.061.

Poon RT, Fan ST, Lo CM, Liu CL, Wong J. Long-term survival and pattern
of recurrence after resection of small hepatocellular carcinoma in
patients with preserved liver function: implications for a strategy of
salvage transplantation. Ann Surg. 2002;235:373-82. https://doi.org/10.
1097/00000658-200203000-00009.

Lohitesh K, Chowdhury R, Mukherjee S. Resistance a major hindrance to
chemotherapy in hepatocellular carcinoma: an insight. Cancer Cell Int.
2018;18:44. https://doi.org/10.1186/512935-018-0538-7.

Zur Hausen H. Papillomavirus infections—a major cause of human
cancers. Biochim Biophys Acta. 1996;1288(2):F55-78. https://doi.org/10.
1016/0304-419x(96)00020-0.

Jin DY, Spencer F, Jeang KT. Human T cell leukemia virus type 1 onco-
protein tax targets the human mitotic checkpoint protein MAD1. Cell.
1998;93(1):81-91. https://doi.org/10.1016/50092-8674(00)81148-4.
Wang L, Tam JP, Liu DX. Biochemical and functional characterization

of Epstein-Barr virus-encoded BARF1 protein: interaction with human
hTid-1 protein facilitates its maturation and secretion. Oncogene.
2006;25(31):4320-31. https://doi.org/10.1038/sj.onc.1209458.

Sohn SY, Kim SB, Kim J, Ahn BY. Negative regulation of hepatitis B virus
replication by cellular Hsp40/Dnal proteins through destabilization of
viral core and X proteins. J Gen Virol. 2006;87(Pt 7):1883-91. https://doi.
0rg/10.1099/vir.0.81684-0.

Burton PM. Insights from diploblasts; the evolution of mesoderm and
muscle. J Exp Zool B Mol Dev Evol. 2008;310(1):5-14. https://doi.org/10.
1002/jez.b.21150.

Murata S, Chiba T, Tanaka K. CHIP: a quality-control E3 ligase collaborat-
ing with molecular chaperones. Int J Biochem Cell Biol. 2003;35(5):572—
8. https://doi.org/10.1016/51357-2725(02)00394-1.

Zhang C, Xu Z, He XR, Michael LH, Patterson C. CHIP, a cochaperone/
ubiquitin ligase that regulates protein quality control, is required for
maximal cardioprotection after myocardial infarction in mice. Am J
Physiol Heart Circ Physiol. 2005;288(6):H2836-42. https://doi.org/10.
1152/ajpheart.01122.2004.

Lohse MJ, Engelhardt S, Eschenhagen T. What is the role of beta-adren-
ergic signaling in heart failure? Circ Res. 2003;93(10):896-906. https://
doi.org/10.1161/01.RES.0000102042.83024.CA.

Singh K, Communal C, Sawyer DB, Colucci WS. Adrenergic regulation of
myocardial apoptosis. Cardiovasc Res. 2000;45(3):713-9. https://doi.org/
10.1016/50008-6363(99)00370-3.

Feng CC, Liao PH, Tsai HI, et al. Tumorous imaginal disc 1 (HTID-1)
inhibits isoproterenol-induced cardiac hypertrophy and apoptosis by
regulating c-terminus of hsc70-interacting protein (CHIP) mediated
degradation of Gas. Int J Med Sci. 2018;15(13):1537-46. https://doi.org/
10.7150/ijms.24296.

Liu CJ, Cheng YC, Lee KW, Hsu HH, Chu CH, Tsai FJ, et al. Lipopolysaccha-
ride induces cellular hypertrophy through calcineurin/NFAT-3 signaling
pathway in H9c2 myocardiac cells. Mol Cell Biochem. 2008;313(1-
2):167-78. https://doi.org/10.1007/511010-008-9754-0.

Chao CN, Lo JF, Khan FB, et al. hTid-1-S attenuates LPS-induced cardiac
hypertrophy and apoptosis through ER-a mediated modulation of
p-PI3K/p-Akt signaling cascade. J Cell Biochem. 2019;120(10):16703-10.
https://doi.org/10.1002/jcb.28928.

Arima K, Hirai S, Sunohara N, et al. Cellular co-localization of phospho-
rylated tau- and NACP/alpha-synuclein-epitopes in lewy bodies in spo-
radic Parkinson’s disease and in dementia with Lewy bodies. Brain Res.
1999;843(1-2):53-61. https://doi.org/10.1016/50006-8993(99)01848-x.
Ishizawa T, Mattila P, Davies P, Wang D, Dickson DW. Colocalization of
tau and alpha-synuclein epitopes in Lewy bodies. J Neuropathol Exp
Neurol. 2003;62(4):389-97. https://doi.org/10.1093/jnen/62.4.389.
Young JC. Mechanisms of the Hsp70 chaperone system. Biochem Cell
Biol. 2010;88(2):291-300. https://doi.org/10.1139/009-175.

Hartl FU, Bracher A, Hayer-Hartl M. Molecular chaperones in protein
folding and proteostasis. Nature. 2011;475:324-32.

Metz GA, Tse A, Ballermann M, Smith LK, Fouad K. The uni-

lateral 6-OHDA rat model of Parkinson’s disease revisited: an

130.

132.

134.

135.

136.

137.

138.

139.

142.

Page 23 of 23

electromyographic and behavioural analysis. Eur J Neurosci.
2005;22(3):735-44. https://doi.org/10.1111/}.1460-9568.2005.04238 x.
Ryu EJ, Angelastro JM, Greene LA. Analysis of gene expression changes
in a cellular model of Parkinson disease. Neurobiol Dis. 2005;18(1):54—
74. https://doi.org/10.1016/j.nbd.2004.08.016.

Hardy J, Allsop D. Amyloid deposition as the central event in the aetiol-
ogy of Alzheimer’s disease. Trends Pharmacol Sci. 1991;12(10):383-8.
https://doi.org/10.1016/0165-6147(91)90609-v.

Mudher A, Lovestone S. Alzheimer’s disease-do tauists and baptists
finally shake hands? Trends Neurosci. 2002;25(1):22-6. https://doi.org/
10.1016/50166-2236(00)02031-2.

Patra M, Weiss C, Abu-Libdeh B, et al. A novel variant of the human
mitochondrial DnaJ protein, hTid-1, associates with a human disease
exhibiting developmental delay and polyneuropathy. Eur J Hum Genet.
2019,27(7):1072-80. https://doi.org/10.1038/541431-019-0358-9.
Caplan AJ. What is a co-chaperone? Cell Stress Chaperones. 2003;8(2):
105107. https://doi.org/10.1379/14661268(2003)008%3c0105:wiac%
3e2.0.co;2.

Metayer C, Dahl G, Wiemels J, Miller M. Childhood leukemia: a prevent-
able disease. Pediatrics. 2016;138(Suppl 1):545-55. https://doi.org/10.
1542/peds.2015-4268H.

Lecker SH, Goldberg AL, Mitch WE. Protein degradation by the
ubiquitin-proteasome pathway in normal and disease states. J Am Soc
Nephrol. 2006;17(7):1807-19. https://doi.org/10.1681/ASN.2006010083.
Yun CW, Lee SH.The roles of autophagy in cancer. Int J Mol Sci.
2018;19(11):3466. https://doi.org/10.3390/ijms19113466.

Salminen A, Kaarniranta K, Kauppinen A, et al. Impaired autophagy and
APP processing in Alzheimer’s disease: the potential role of beclin 1
interactome. Prog Neurobiol. 2013;106-107:33-54. https://doi.org/10.
1016/j.pneurobio.2013.06.002.

Siesjo BK, EImér E, Janelidze S, et al. Role and mechanisms of secondary
mitochondrial failure. Acta Neurochir Suppl. 1999;73:7-13. https://doi.
0rg/10.1007/978-3-7091-6391-7_2.

Wang J, Gareri C. Rockman HA 2018 G-protein-coupled receptors

in heart disease [published correction appears in Circ Res 2018 Oct
26;123(10):e34]. Circ Res. 2018;123(6):716-35. https://doi.org/10.1161/
CIRCRESAHA.118.311403.

Nishizawa S, Hirohashi 'Y, Torigoe T, et al. HSP DNAJB8 controls
tumor-initiating ability in renal cancer stem-like cells. Cancer Res.
2012;72(11):2844-54. https://doi.org/10.1158/0008-5472.CAN-11-3062.
Cassel JA, llyin S, McDonnell ME, Reitz AB. Novel inhibitors of heat shock
protein Hsp70-mediated luciferase refolding that bind to DnalJ. Bioorg
Med Chem. 2012;20(11):3609-14. https://doi.org/10.1016/j.bmc.2012.
03.067.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC



https://doi.org/10.4103/jcar.JCar_9_16
https://doi.org/10.4103/jcar.JCar_9_16
https://doi.org/10.1053/j.gastro.2011.12.061
https://doi.org/10.1053/j.gastro.2011.12.061
https://doi.org/10.1097/00000658-200203000-00009
https://doi.org/10.1097/00000658-200203000-00009
https://doi.org/10.1186/s12935-018-0538-7
https://doi.org/10.1016/0304-419x(96)00020-0
https://doi.org/10.1016/0304-419x(96)00020-0
https://doi.org/10.1016/s0092-8674(00)81148-4
https://doi.org/10.1038/sj.onc.1209458
https://doi.org/10.1099/vir.0.81684-0
https://doi.org/10.1099/vir.0.81684-0
https://doi.org/10.1002/jez.b.21150
https://doi.org/10.1002/jez.b.21150
https://doi.org/10.1016/s1357-2725(02)00394-1
https://doi.org/10.1152/ajpheart.01122.2004
https://doi.org/10.1152/ajpheart.01122.2004
https://doi.org/10.1161/01.RES.0000102042.83024.CA
https://doi.org/10.1161/01.RES.0000102042.83024.CA
https://doi.org/10.1016/s0008-6363(99)00370-3
https://doi.org/10.1016/s0008-6363(99)00370-3
https://doi.org/10.7150/ijms.24296
https://doi.org/10.7150/ijms.24296
https://doi.org/10.1007/s11010-008-9754-0
https://doi.org/10.1002/jcb.28928
https://doi.org/10.1016/s0006-8993(99)01848-x
https://doi.org/10.1093/jnen/62.4.389
https://doi.org/10.1139/o09-175
https://doi.org/10.1111/j.1460-9568.2005.04238.x
https://doi.org/10.1016/j.nbd.2004.08.016
https://doi.org/10.1016/0165-6147(91)90609-v
https://doi.org/10.1016/s0166-2236(00)02031-2
https://doi.org/10.1016/s0166-2236(00)02031-2
https://doi.org/10.1038/s41431-019-0358-9
https://doi.org/10.1379/14661268(2003)008%3c0105:wiac%3e2.0.co;2
https://doi.org/10.1379/14661268(2003)008%3c0105:wiac%3e2.0.co;2
https://doi.org/10.1542/peds.2015-4268H
https://doi.org/10.1542/peds.2015-4268H
https://doi.org/10.1681/ASN.2006010083
https://doi.org/10.3390/ijms19113466
https://doi.org/10.1016/j.pneurobio.2013.06.002
https://doi.org/10.1016/j.pneurobio.2013.06.002
https://doi.org/10.1007/978-3-7091-6391-7_2
https://doi.org/10.1007/978-3-7091-6391-7_2
https://doi.org/10.1161/CIRCRESAHA.118.311403
https://doi.org/10.1161/CIRCRESAHA.118.311403
https://doi.org/10.1158/0008-5472.CAN-11-3062
https://doi.org/10.1016/j.bmc.2012.03.067
https://doi.org/10.1016/j.bmc.2012.03.067

	Putting human Tid-1 in context: an insight into its role in the cell and in different disease states
	Abstract 
	Background: 
	Main body: 
	Conclusion: 

	Background
	Main text
	Role of hTid-1 in the cell
	As a co-chaperone
	In proteasomal degradation
	In autophagic degradation
	In cellular signaling pathways

	Mitochondrial translocation and homeostasis
	Role of hTid-1 in cancer cells
	Regulating cancer-associated proteins
	Regulating cancers
	Regulating viral oncoproteins

	Role of hTid-1 in Myogenesis and muscular disorders
	Myogenesis
	Muscular disorders (dilated cardiomyopathy)

	Role of hTid-1 in neurodegenerative diseases:

	Conclusion
	Future perspectives
	Acknowledgements
	References


