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Abstract

In eukaryotic cells, ubiquitination and proteasomal degradation is an essential mechanism for
regulating protein functions. For example, critical signaling proteins play their roles by controlling
different cellular functions. Once a signaling protein has been activated, its activity needs to be
quickly downregulated by different mechanisms, including ubiquitination/proteasome regulation.
Failure to regulate the activity or expression levels of these proteins may cause human diseases.
Protein ubiquitination involves a cascade of biochemical processes and requires three types of
ubiquitin enzymes: E1 activating enzyme, E2 conjugating enzyme, and E3 ligase. Among these
enzymes, E3 ubiquitin ligases play a specific role in recognizing specific protein substrates. There
are several structurally diverse groups of E3 ubiquitin ligases in eukaryotic cells, and one type of
these E3 ligases is the U-box ubiquitin ligases. Carboxyl terminus of Hsp70-interacting protein
(CHIP) is a member of a family of U-box E3 ligases. It plays critical roles in multiple organs and
tissues in the body. In this review article, we provide an update on some of the most recent
discoveries about CHIP in normal physiological function and in disease.

Graphical abstract
Carboxyl terminus of Hsp70-interacting protein (CHIP) is a member of a family of U-box E3
ligases, which are involved in protein ubiquitination. It plays critical roles in multiple organs and
tissues in the body. In this review article, the authors provide an update on some of the most recent
discoveries about CHIP in normal physiological function and in disease.
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Introduction

Protein ubiquitination is a multistep process. First, ubiquitin is activated by being attached to
an E1 ubiquitin-activating enzyme. The ubiquitin is then transferred to an E2 ubiquitin-
conjugating enzyme. The final transfer of ubiquitin to the substrate protein is mediated by an
E3 ubiquitin ligase. In some cases, the ubiquitin is first transferred from E2 to E3 and then to
the substrate protein. In other cases, the ubiquitin could be transferred directly from E2 to
the targeted protein in a complex with E3. Most cells contain a single E1, but have many E2s
and multiple families of E3 enzymes. Different members of the E2 and E3 families
recognize different substrate proteins and mediate different biological functions. C terminus
of Hsp70-interacting protein (CHIP) is a chaperone-dependent and U-box containing E3
ligase.! It targets the degradation of proteins critical for multiple cellular functions and
signaling pathways. The roles of CHIP in physiological functions and disease initiation and
progression have been extensively investigated in recent years. In this review article, we will
describe the roles of CHIP function as an E3 ligase in the development and progression of
multiple diseases, such as neurodegenerative diseases, inflammation, and metabolic bone
diseases.

CHIP functions as an E3 ligase

E3 ubiquitin ligases, which are required for recognizing substrate proteins, comprise several
structurally diverse groups in eukaryotic cells.2 One type of E3 ligases are the U-box
ubiquitin ligases (UULSs). UULs contain a U-box domain, which is structurally related to the
RING finger.3# Seven UUL-encoding genes have been identified in humans.>6 The CHIP
protein (encoded by the STUBI gene) is a chaperone-dependent E3 ubiquitin ligase! that
interacts with Hsc70, Hsp70, and Hsp90 chaperone proteins through its N-terminal
tetratricopeptide repeat (TPR) domain’-8 and mediates substrate protein ubiquitination
through its C-terminal U-box.! These chaperone proteins are important for CHIP functions.
CHIP-K30A, which has a mutation in its chaperone-binding domain, fails to recognize
substrate proteins, suggesting that CHIP interacts with its substrates through the
participation of chaperone protein.® Although CHIP usually interacts with its substrates
through a chaperone protein, it occasionally interacts with substrate proteins in a chaperone-
independent manner (Table 1).10-12

CHIP regulation in immunity

CHIP expression in innate and adaptive immune cells

CHIP is expressed in innate and adaptive immune cells, including macrophages, CD11c*
dendritic cells (DCs), DX5* natural killer (NK) cells, CD4*/CD8* T cells, CD20* B cells,
etc.12 However, the exact function of CHIP in these cells is not clear. CHIP could interact
directly or indirectly with its substrates (Table 1).13 The fates of CHIP substrates are partly
reliant on different ubiquitination modifications mediated by different E2 enzymes.14 CHIP-
mediated K63- or K27-linked polyubiquitination is mostly involved in signal transduction
regulation, while CHIP-mediated K48-linked polyubiquitination usually targets proteins for
proteasomal degradation.1> A model of the structure of the CHIP protein is shown in Figure
1.
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CHIP regulation of NF-xB-inducing kinase

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB)-inducing kinase
(NIK) is a central signaling molecule of the noncanonical NF-xB pathway and is an
essential serine/threonine kinase for various functions of the immune system.16:17
Immunodeficiency disorders were observed in mice with an NIK loss-of-function mutation
18 NIK binds to TNF receptor-associated factor 3 (TRAF3).19 CHIP functions as a
scaffolding protein to interact with Hsp70-NIK, as well as with TRAF3 through its TPR
domain. The formation of the Hsp70/NIK/CHIP dimer/TRAF3 complex enhances the
ubiquitination and degradation of NIK. The degradation of NIK is independent from the E3
ligase activity of CHIP and suppresses NIK-mediated non-canonical NF-xB signaling.20 It
has been shown that hepatocyte-specific overexpression of CHIP in mice could inhibit NF-
xB signaling and largely reverse NIK-induced liver inflammation and injury.2% These
findings suggest that CHIP forms a complex with multiple proteins to induce the degradation
of the substrate protein and that the degradation of this protein substrate is independent from
the E3 ligase activity of CHIP.

CHIP regulation of Toll-like receptors

Toll-like receptors (TLRs) play a major role in the innate immune system by sensing
invading pathogens through recognition of conserved structures in pathogens.2! TLRs can be
classified into two groups according to their cellular localization. The cell surface group,
containing TLR1, TLR2, TLR4, TLR5, TLR6, and TLR11, mainly recognize and target
microbial membrane components such as lipids, lipoproteins, and proteins. The other group
includes TLR3, TLR7, TLR8, and TLR9, which recognize microbial nucleic acids. This
latter group of TLRs is only expressed in intracellular vesicles, such as the endoplasmic
reticulum, endosomes, lysosomes, and endolysosomes.2? It has been demonstrated that
CHIP directs the Hsp70-mediated assembly of TLR4/9 and possibly TLR2/7 complexes, but
not that of TLR3.22 CHIP binds directly to Hsp70/protein kinase C (PKC)-C/SRC through
its TPR domain in the TLR4/9 signaling pathway. This interaction causes ubiquitination of
both SRC and PKC-( in a K63-linked manner, leading to the activation of NF-xB signaling.
22 However, the mechanisms of NF-xB activation by PKC-C/SRC remain to be determined.
In contrast, it has been shown that CHIP/Hsp70 mediates the ubiquitination and degradation
of TLR4, resulting in reduced LPS-induced NF-xB activation, IL-6 expression, and
apoptosis in intestinal epithelial cells.23 It has also been shown that peptidoglycan (PGN)
induces the expression and activity of CHIP in RAW264.7 cells through the TLR2/c-Jun N-
terminal kinase (JNK) signaling pathway. 24 These findings suggest that CHIP could affect
NF-xB signaling through its influence on TLR protein degradation.

CHIP regulation of inflammation

Because CHIP regulates immune cell function, it is not surprising that CHIP also regulates
inflammation in the body. Interleukin 4 receptor (IL-4R) and its signaling play important
roles in inflammation and associated diseases, such as rheumatoid arthritis (RA).2> IL-4R is
a key regulator of the Th2 immune response. IL-4Ra, as a common receptor, mediates the
signaling of IL-4 and IL-13. IL-4Ra interacts with the cytokine receptor common gamma
chain (y¢) and forms a type I IL-4 receptor, which mediates IL-4 signaling. IL-4Ra also
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pairs with IL-13Ra1 to form a type 1l IL-4 receptor, which mediates both IL-4 and I1L-13
signaling pathways.28 IL-4 or IL-13 binds to IL-4 receptors and activates Janus kinases,
leading to the activation of several signaling cascades. This signaling activation finally
results in the binding of phosphorylated signal transducer and activator of transcription 6
(STATS6) to the promoter regions of 1L-4 and IL-13 target genes.2”28 CHIP interacts with
IL-4Ra and induces its ubiquitin-dependent degradation.28 These findings suggest that
CHIP may affect inflammation and RA development through regulation of IL-4Ra
proteasomal degradation.

Tumor necrosis factor (TNF) a is overproduced in inflamed joints leading to local erosion of
bone and cartilage in patients with inflammatory arthritis. The mechanisms by which TNF-a
regulates osteoblast function have not been fully defined. A recent study suggests that TNF-
a inhibits osteoblast differentiation through up-regulation of CHIP expression, which
promotes Osterix degradation in osteoblasts.2? Osterix is a key transcription factor for
osteoblast differentiation.3? Co-immunoprecipitation (co-1P) results revealed that CHIP
interacts with Osterix and induces Osterix ubiquitination. The K55 and K386 residues have
been shown to be the key ubiquitination sites for the Osterix protein.2® A recent study
demonstrated that CHIP regulates NF-xB signaling in bone tissues.31:32 [t is known that NF-
xB signaling is closely related to inflammation33; thus it is conceivable that CHIP may also
regulate inflammation mediated by NF-xB signaling.

CHIP regulation of neural function

Neurodegenerative diseases, which are characterized by a massive loss of specific neurons,
are progressively disabling. The accumulation of aberrant proteins, probably leading to the
formation of protein aggregates, is associated with the pathology of the most frequent
neurodegenerative diseases, including Parkinson’s disease (PD), Alzheimer’s disease (AD),
amyotrophic lateral sclerosis (ALS), and Huntington’s disease (HD).34 To remove and
abrogate the toxic misfolded proteins in neural cells, chaperones, ubiquitin ligases and
proteasomes are required.35-37 Chaperones not only help to appropriately fold newly
synthesized polypeptides, but also play an essential role in removal of protein aggregates
either by the ubiquitin—proteasome system or by autophagy.36 Cumulative evidence has
indicated that the Hsc70, Hsp70, and Hsp90 complexes play a pivotal role in proteasomal
degradation of damaged proteins.34 CHIP, serving as a co-chaperone and an E3 ubiquitin
ligase, is a crucial component of the Hsc70, Hsp70, and Hsp90 protein complexes
responsible for the ubiquitination and degradation of proteins that play important roles in
neurodegenerative disorders.38:39 Therefore, the proper function of CHIP in protein folding
and degradation in neural cells should be ensured.

CHIP may function as an E3 ligase alone or form a complex with other E3 ligases, such as
with parkin (PRKN), a RING-in-between-RING (RBR) ubiquitin ligase.*%-42 Mutations in
PRKN could lead to familial Parkinson disease. It has been reported that CHIP promotes the
ubiquitination of other factors that are important in neurodegenerative diseases, such as tau,
APP, malin, ataxin-1, and ataxin-3. Tau and APP play important roles in AD,36:38:39 while
malin is another E3 ligase involved in Lafora disease,*3 and ataxin-1 and ataxin-3 are
associated with spinocerebellar ataxia types 1 and 3.44:4° These results also indicate that
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CHIP may play significant roles in the nervous system and the development of
neurodegenerative diseases.

It has been proposed that CHIP controls protein folding homeostasis that determines
whether to refold or dephosphorylate pathologic aggregates in neural cells. If CHIP is not
able to function properly, the degradation process will be severely compromised and
accumulation of proteins will occur because of overburdened proteasomal and lysosomal
systems.34 Thus, CHIP regulates the protein quality control process and has been involved in
neurological disorders featured by protein misfolding and aggregation.#647 In disease
conditions, the mechanism of how CHIP protects against neural toxicity caused by protein
aggregation remains unclear. However, it has been reported that insufficiency of CHIP
generates oxidative toxicity, resulting in neural defects.3” CHIP-positive tau inclusions were
detected in several neurodegenerative disorders, such as AD, progressive supranuclear palsy,
and Pick’s disease. In addition, CHIP was also detected in Lewy body-like hyaline
inclusions in the mouse model of ALS.%6 Gordon Holmes syndrome (GHS), manifested by
ataxia and hypogonadism, is a rare neurodegenerative disorder. The disruption of CHIP
function is known to be one of the factors causing GHS because mice harboring a mutation
in the CHIP gene (Stubl) could phenocopy certain symptoms of GHS, including ataxia and
hypogonadism.4849. 37 CHIP is a central convergence point for manifold degenerative neural
processes. Hence, GHS is actually a part of the phenotypic cluster of STUBI mutations.>0

CHIP regulation of bone cell function

As an E3 ligase, CHIP also regulates the degradation of multiple signaling molecules that
play important roles in bone remodeling. Early /n vitro studies demonstrated that CHIP
regulates the degradation of multiple SMAD proteins and is involved in transforming growth
factor B (TGF-B) and bone morphogenetic protein (BMP) signaling.51:52 Other in vitro
studies also showed that CHIP induces runt-related transcription factor 2 (RUNX2)
degradation and inhibits osteoblast differentiation.10 RUNX2 is the master transcription
factor controlling osteoblast differentiation>3 and SMAD1/5 are key signaling molecules in
BMP signaling.>#:55 However, in vivo studies using Stub2 KO mice demonstrated that CHIP
had no significant effects on the steady-state protein levels of RUNX2 and SMAD1/5.
Instead, CHIP promotes the degradation of multiple TRAF family members, including
TRAF2, TRAF5, and TRAF6.31:32 A mutant CHIP (H260Q) lacking ubiquitination activity
could not induce TRAF6 degradation.3! The consequence of CHIP-induced multiple TRAF
protein degradation is the inhibition of NF-xB signaling. We found that the nuclear
translocation of NF-xB subunit p65 was significantly enhanced in StubZ KO mice.3! K48-
linked polyubiquitin chain (Lys48) and K63-linked polyubiquitin chain (Lys63) play
important roles in regulating the activity of the NF-xB pathway.>® It has been shown that
TRAF2 and TRAF5 activate NF-xB signaling and mediate TNF-a-induced osteoclast
formation.>”:58 The effect of TNF-a-induced osteoclast formation was severely impaired in
Traf2or Traf5 deficient cells.57:58 Moreover, TRAF6 interacts with receptor activator of
nuclear factor x B (RANK) to activate NF-xB signaling that further regulates osteoclast
formation.>9-62 Osteoclast numbers were largely increased in Stub1 KO mice.>’In contrast,
osteoblast activity was significantly inhibited in postnatal Stub1 KO mice.3! The addition of
a NF-xB inhibitor significantly reversed the osteoblast inhibitory effect caused by the
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deletion of Stub1 in bone marrow cells.32 These findings indicate that the bone mass
reduction found in Stub KO mice may be attributed to the combination of increased
osteoclast formation and reduced osteoblast differentiation.

Because NF-«xB signaling plays an important role in regulation of bone remodeling, CHIP
may also serve as a key regulator in bone remodeling. To fully understand the function of
CHIP in bone remodeling and diseases related to the defects of bone remodeling, such as
osteoporosis, we need to generate Stub170X/floX mice and Stub1 conditional KO mice. To
achieve this goal, we have recently generated Stub170X/floX mice and Stub19%ER conditional
KO mice (unpublished data). With these important tools, we will be able to analyze changes
in bone remodeling longitudinally and in aged mice. In addition, it has been recently
demonstrated that NF-xB also plays an important role in the development of osteoarthritis
(OA), 8364 thus we could also use the Stub1 conditional KO mice to determine if they
develop the OA phenotype in aged mice. The StubI conditional KO mouse model is a useful
tool for further studies of CHIP functions, especially at the adult stage.

CHIP regulation of aging

The mechanisms of aging, characterized by progressive decline in tissue and organ function
and increased risk of mortality, remain to be defined. Common hallmarks of aging have been
proposed, including systemic inflammation, macromolecular damage leading to genomic
instability, telomere attrition, epigenetic alteration, mitochondrial dysfunction, cellular
senescence, and stem cell exhaustion.5° The aging process is characterized by structural and
functional changes affecting almost all tissues and organs. A defined feature of aging is the
decline in regenerative capacity associated with reduced adult stem cell function. In the late
stage of adult life, the aggregation of aberrant proteins become overwhelming as a result of
the age-related decline of chaperone activity and the activity of the proteasomal system.3®
From the results of early studies in C. elegansand D. melanogaster, it has been speculated
that molecular chaperones, like Hsp70, are directly associated with aging.66:67 In addition,
considering the crucial role of CHIP in maintaining protein homeostasis in the cell, the role
of CHIP in the aging process cannot be ignored. Stubi-deficient mice exhibit overloaded
denatured protein, the up-regulation of aging-related biomarkers, and significantly shortened
life spans, demonstrating that CHIP may play a protective role in the prevention of aging
process, possibly through maintaining the quality control of CHIP-regulated proteins.58

Given the central role of CHIP in neurodegenerative disorders, several /n vivo studies have
been conducted to elucidate the neuroprotective role of CHIP. An aging mouse model was
established by the deletion of Stub1 and the removal of CHIP causes protein aggregation in
neural cells and decreased neuronal survival. In contrast, the overexpression of Stubl
attenuated an early aging phenotype.34 The expression and toxicity of leucine-rich repeat
kinase 2 (LRRK2), an aging-related molecule, were upregulated in the Sftub1 KO mouse
model of PD, while the overexpression of Stub1 offered protection from the toxicity of
mutant LRRK?2.69:34

Sirtuin 6 (SIRT6) is a stress responsive protein deacetylase and mono-ADP
ribosyltransferase enzyme encoded by the S/RT6 gene.’? SIRT6 functions are involved in
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multiple molecular pathways related to aging, including DNA repair, telomere maintenance,
glycolysis, and inflammation.”® CHIP stabilizes SIRT6 protein by preventing its proteasomal
degradation.1! In Stubi-deficient cells, the half-life of SIRT6 protein is substantially reduced
due to increased proteasomal degradation. SIRT6 interacts with a CHIP lacking the TPR
domain (ATPR CHIP) and with a CHIP mutant that has an inactivating point mutation in the
U-box domain (H260Q CHIP), but not with a CHIP mutant lacking the entire U-box domain
(AU-box CHIP). These findings demonstrate that interaction of CHIP with SIRT6 is not
chaperone-dependent, but requires the U-box domain of CHIP. SIRT6 K170 mediates
susceptibility to protein degradation in the absence of CHIP. These results suggest that
another E3 ligase may be involved in SIRT6 ubiquitination.1? One of the potential
mechanisms for CHIP regulation of the aging process may be through maintaining SIRT6
protein stability, allowing SIRT6 to participate in histone deacetylation and DNA repair
activities.

One feature of aging is a progressive decline in protein homeostasis (proteostasis),
aggravating the risk for protein aggregation diseases. A recent study also demonstrated that
CHIP targets insulin receptor and induces its degradation and controls insulin receptor
turnover. The outcome of this regulatory mechanism is to inhibit insulin signaling, leading to
an anti-aging effect.”2:72 Since it is well known that insulin receptor levels are linked to
insulin and IGF1 signaling and longevity, the study also identified CHIP acting as a potential
molecular target for aging regulation. Proteotoxic stress promotes insulin receptor stability
and inhibits insulin receptor turnover, and drives the aging process and shortens lifespan.
CHIP may possess anti-aging activity by counteracting proteotoxic stress.

Summary

CHIP is an E3 ligase that regulates the stability and functions of multiple proteins in
different cell types. It has been demonstrated that CHIP plays critical roles in
neurodegeneration, immunity, inflammation, and bone remodeling and aging. However, the
detailed molecular mechanisms of CHIP in multiple cell functions need to be further
investigated. In addition, the tissue-specific effects of CHIP and the role of CHIP in aging
also need to be further studied using tissue-specific and inducible Stub7 KO mice.
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Structure of CHIP protein
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E2: E2 conjugating enzyme

Figure 1.
Structural model of carboxyl terminus of Hsp70-interacting protein (CHIP). (A) The

domains of the CHIP protein structure are illustrated. (B) Illustrations of the modeling of
CHIP protein interactions with other molecules involved in the ubiquitination process and
substrate proteins.
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Chaperone involvement in CHIP-mediated protein degradation

Substrateprotein | Chaperoneinvolvement? | References
Tau Yes 37
APP Yes 17
Malin Yes 18
Ataxin-1, ataxin-3 | Yes 19
ERBB2 Yes 22
NIK No 29
PKC-zeta/SRC Yes 21
LRRK2 Yes 39
IL-4R Yes 46
Osterix Yes 47
SMAD1, SMAD5 Yes 50
RUNX2 Yes 10
TRAF2 Unknown 54
TRAF3 Yes 27
TRAF5 Unknown 55
TRAF6 Yes 54
SIRT6 No 11-13
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