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Abstract
Recent mining of the human and mouse genomes, use of yeast genetics, and detailed analyses of several biochemical pathways,
have resulted in the identification of many new roles for ubiquitin–proteasome mediated degradation of proteins. In the context
of last year’s award of Noble Prize (Chemistry) work, the ubiquitin and ubiquitin-like modifications are increasingly recognized
as key regulatory events in health and disease. Although the ATP-dependent ubiquitin–proteasome system has evolved as
premier cellular proteolytic machinery, dysregulation of this system by several different mechanisms leads to inappropriate
degradation of specific proteins and pathological consequences. While aberrations in the ubiquitin–proteasome pathway have
been implicated in certain malignancies and neurodegenerative disorders, recent studies indicate a role for this system in the
pathogenesis of diabetes and its complications. Inappropriate degradation of insulin signaling molecules such as insulin receptor
substrates (IRS-1 and IRS-2) has been demonstrated in experimental diabetes, mediated in part through the up-regulation of
suppressors of cytokine signaling (SOCS). It appears that altered ubiquitin–proteasome system might be one of the molecular
mechanisms of insulin resistance in many pathological situations. Drugs that modulate the SOCS action and/or proteasomal
degradation of proteins could become novel agents for the treatment of insulin resistance and Type 2 diabetes. (Mol Cell Biochem
275: 117–125, 2005)
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Introduction
Intracellular protein degradation is a tightly regulated process that is necessary to maintain normal cellular homeostasis. While great attention has been paid and much research
done on understanding how the cell controls the synthesis
of proteins, the reverse, namely the degradation of proteins,
has long been considered less important. Proteolysis eliminates abnormal proteins, controls many cellular regulatory
processes, and supplies amino acids for cellular remodeling.

Multiple pathways exist for degrading proteins. Lysosomes
contain proteases that have optimal activity at an acidic pH
and they degrade membrane or endocytosed proteins. Traditionally, degradation by this pathway has been thought to be a
non-specific process, but there is growing evidence that some
intracellular proteins can be specifically targeted towards the
lysosomes for degradation [1]. A second proteolytic pathway
involves calcium-dependent proteases like calpains. Metalloproteases and proteases involved in apoptosis constitute the
third intracellular proteolytic system that does not require
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energy. Finally, there are energy-requiring proteolytic systems and the best example of this is the ubiquitin–proteasome
pathway, which requires ATP and degrades the bulk of cellular, and some membrane, proteins [2].
If proteasome is the ‘protein shredder’, the presence of an
efficient protein shredder in the cell could be potentially disastrous. Since the cell is packed with proteins, the proteasome
must be carefully controlled and ATP directed specifically
towards particular protein degradation. Even if a selective
doorway in the proteasome only allows entry to those proteins that are meant for destruction, it would be difficult to
have a doorway that correctly recognizes the hundreds of
different proteins that are regularly destroyed by the proteasome. Hence it is logical to assume there must be additional
steps by which obsolete proteins are identified, tagged and
targeted to the proteasome. These form the hypotheses that
were painstackingly tested over a period of three decades
by three scientists, Aaron Ciechanover, Avram Hershko and
Irwin Rose, who were recently awarded the Nobel Prize for
Chemistry (year 2004). In a series of epoch-making biochemical studies carried out in the late 1970s and early 1980s, these
scientists succeeded in showing that protein degradation in
cells takes place in a series of step-wise reactions that result in the proteins to be destroyed being labelled with the
polypeptide ‘ubiquitin’. It is because of their groundbreaking work that the cell regulation of unwanted proteins, the
so-called ‘ubiquitin–proteasome pathway’, became known to

Fig. 1. Protein degradation mediated by ubiquitin–proteasome pathway.

the world. It is interesting to know that up to 30% of the newly
synthesized proteins in a cell are broken down via proteasome
since they do not pass the cell’s rigorous quality control.

The ubiquitin–proteasome system
Degradation of a protein via the ubiquitin–proteasome pathway involves several discrete and successive steps (Fig. 1),
mainly directing two events: (a) tagging of the substrate by
covalent attachment of multiple ubiquitin molecules; and (b)
degradation of the tagged protein by the 26S proteasome
complex with release of free and reutilizable ubiquitin. Initially, the ubiquitin-activating enzyme, E1, activates ubiquitin (highly evolutionarily conserved 76-residue polypeptide)
in an ATP-requiring reaction (step 1). Several E2 enzymes
act as ubiquitin-carrier proteins or ubiquitin-conjugating enzymes (UBCs) and participate in the transferring process
(step 2). Activated ubiquitin is transferred to the substrate that
is specifically bound to a member of the ubiquitin-protein ligase family, E3 (step 3). The ubiquitin molecule is generally
transferred to an NH2 group of an internal lysine residue in the
substrate to generate a covelent isopeptide bond. By successively adding activated ubiquitin moieties to internal lysine
residues on the previously conjugated ubiquitin molecule,
a polyubiquitin chain is synthesized (step 4). This chain is
specifically recognized by the downstream 26S proteasome
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complex (step 5). The 26S proteasome is a large complex
(2000 kDa) that exhibits multiple intrinsic protease activities
to degrade proteins to small peptides. It is composed of a
20S catalytic core particle and two 19S regulatory particles.
Models of proteolysis suggest that polyubiquitin chains of
four or more residues on the target protein are recognized by
subunits in the 19S; other subunits cleave the polyubiquitin
chain for recycling (step 6). Target proteins are subsequently
unfolded and guided into the 20S proteolytic core for cleavage to small peptides. In conjunction with E1, E2, and E3,
recent studies point to existence of E4 proteins that may catalyse chain formation on particular substrates [3]. The requirement for the addition of multiple ubiquitin molecules may be
part of a proof-reading mechanism, as a large number of deubiquitylating enzymes (DUBs) are also found within cells
[4]. DUBs remove ubiquitin molecules before a sufficiently
large branch structure has been synthesized to activate proteasomal destruction. Alternatively, they also prevent unwanted
protein aggregation.

Diversity and specificity of ubiquitins
The specificity of protein ubiquitylation resides in the interactions between a specific E2, an E3 and target protein. It
appears that there exist more than 40 different Ub conjugating enzymes and 500 different Ub ligases. Even the modest
genome of S. cerevisiae encodes thirteen E2-like products,
termed Ubc1-13. Ubc4 and Ubc5 are involved in targeting
the bulk of short-lived/abnormal/misfolded proteins. Others
such as Ubc6 and Ubc7 are involved in degradation of proteins from within the ER [5]. The E3 ubiquitin ligases are
very important in the pathway in that they provide selectivity
to the ubiquitin process by serving as docking proteins that
bring the substrate proteins and the E2 carrier protein with
activated ubiquitin together [6]. The E3 ubiquitin ligases have
been divided into specific subclasses, including single subunit
RING finger proteins, multi-subunit RING finger proteins,
HECT domain containing proteins and more recently, U-box
containing E3’s [7–9]. The sheer number of these proteins
indicates that ubiquitination plays an important role within
the vast majority of signaling pathways. In fact, Ub modified
proteins are known to have regulatory functions in cell cycle progression, organelle biogenesis, antigen presentation,
stress responses, signal transduction, DNA repair, apoptosis,
and transcriptional aspects [7, 8]. Much of our knowledge of
E3 enzymes has emerged from studies on tumour suppressor
protein p53 ubiquitination and degradation. High-risk strains
of the human papillomavirus causes uterine cervical carcinoma tumours and degradation of p53 mediated by the HECT
domain E3 enzyme E6-AP, was considered as an important
mechanism used by the virus to transform cells [10]. The case
of Parkinson’s disease (PD) also highlights the complexity of

the involvement of the ubiquitin system in the pathogenesis
of neurodegeneration. Mutations in various genes such as
α-synuclein, ubiquitin C-terminal hydrolase (UCH-L1, gene
encoding the ubiquitin-recycling isoenzyme) and parkin (a
RING-finger-containing E3 protein) were appeared to be responsible for the pathogenesis of PD [11]. NF-kB is the beststudied example of how the Ub-proteasome pathway modulates transcription. Latent NF-kB is kept sequestered in the
cytoplasm via an interaction with the inhibitory action of IkB
proteins [12]. Activation of NFkB is facilitated by IkB kinase,
which phosphorylates IkBs. In turn, activation of IkB kinase
requires regulation by a RING finger E3, the tumour necrosis
factor receptor-associated factor 6 (TRAF6). Phosphorylated
IkBs are polyubiquitinated and subsequently degraded by the
26S proteasome involving multi-RING finger E3 complex in
association with Ub conjugating enzyme Cdc34 or Ubc5.
Degradation of IkB unmasks the nuclear localization signal and the NFkB complex migrates to the nucleus where it
regulates the expression of genes harboring NF-kB-response
elements.
With the many substrates targeted and processes involved,
it is not surprising to find that aberrations in the ubiquitin system underlie the pathogenesis of many diseases. The
pathological states associated with the ubiquitin system can
be classified into two groups: (a) those that result from
loss of function, i.e., mutations in a ubiquitin-system or target substrate that result in stabilization of certain proteins;
and (b) those that result from gain of function, i.e., abnormal or accelerated degradation of the protein target. Some
of the pathologies arising due to aberrations in ubiquitin–
proteasome system include malignancies, Liddle’s syndrome, Angelman syndrome, Neurogenerative diseases, cystic fibrosis, immune and inflammatory response and muscle
wasting [11].

Insulin signaling molecules misguided
to proteasome in Type 2 diabetes
From the studies of transgenic animal models and humans, there is evidence that inappropriate levels of signaling molecules strongly affect insulin action. It appears that
controlled degradation of specific proteins by the ubiquitin–
proteasome system plays an important role in the execution
of various biological functions, including insulin signaling.
Insulin promotes cellular growth and maintenance by a wide
variety of both anabolic and anticatabolic actions, including the inhibition of overall proteolysis [13]. Although insulin administration causes an increase in the synthesis of
some specific proteins, the effect of insulin on the level of
total cellular protein is attributable almost entirely to decreased protein degradation [14]. In a series of experiments,
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Bennett et al. [15] have demonstrated that insulin inhibits
ATP-and ubiquitin-dependent degradation by the proteasome
in vitro and in cultured cells. These findings extend the cellular processes controlled by insulin to include the ubiquitin–
proteasome pathway. In contrast, evidence has accumulated
over the past few years suggesting that prolonged exposure of cells to insulin promotes insulin receptor substrate-1
(IRS-1) degradation [16, 17]. Zhande et al. [17] have demonstrated that ubiquitin conjugation of IRS-1 is a prerequisite
for insulin-induced IRS-1 proteasome degradation and that a
structural element in the N-terminal region of IRS-1 specifically target IRS-1 to the ubiquitin–proteasome degradation
pathway.
It is now well established that IRS proteins are central effectors of the insulin signaling cascade and, on the contrary, is
their inhibition or degradation that leads to the inhibition of
insulin signaling [18–20]. Proinflammatory cytokines have
been shown to promote serine phosphorylation of IRS1 and
IRS2 that inhibits coupling to the activated insulin receptor and/or p85 regulatory subunit of phosphatidylinositol-3
kinase [21, 22]. In addition, IRS proteins are decreased in
experimental and clinical diabetes. Although several insulinresistance-inducing stimuli, such as hyperinsulinemia, TNFα
or other cytokines, glycated molecules and fatty acids have

been shown to negatively regulate insulin signaling, the exact
molecular mechanisms involved are poorly understood. Recent studies have revealed that IRS proteins are ubiquitinated and subsequently degraded by the 26S proteasome
during insulin stimulation or during cellular stress [16, 23].
In an elegant study, White and his colleagues indicated that
SOCS-1 and SOCS-3 (a family of proteins called the suppressor of cytokine signaling, SOCS) modulate insulin signaling
by targeting IRS-1 & 2, for destruction by the proteasome
[18]. Their work revealed two important observations. First,
SOCS1 and SOCS3 were shown to have distinct binding sites
for IRS1 or IRS2 and for elongin BC ubiquitin ligase. Secondly, SOCS-mediated ubiquitination of IRS1 or IRS2 is a
necessary step for inhibition of insulin action in various cell
lines and mouse liver. This mechanism is consistent with the
function of SOCS1 and SOCS3 as adapter molecules linking
tyrosine-phosphorylated proteins to an elongin BC-based E3
ubiquitin-ligase [24]. It appears that the ‘SOCS box’ acts as
an adapter to facilitate the ubiquitination of signaling proteins
and their subsequent targeting to the proteasome (Fig. 2). The
SOCS box contains a elongin C binding motif that binds to
elongin C, which in turn associates with a complex consisting of elongin B, a cullin family member, and RING-box
protein 1 [25]. This whole protein complex constitutes an E3

Fig. 2. Insulin signaling molecules under proteasomal threat! Left: Normal insulin signaling pathway leading to balanced metabolic and mitogenic actions.
Right: SOCS proteins, distal to the IR, mediating ubiquitin–proteasomal degradation of IRS.
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ubiquitin ligase, which ultimately target proteins for degradation by the proteasome. These studies indicate proteasomal degradation of insulin signaling molecules as one of the
molecular mechanisms of insulin resistance. In patients with
HCV (Hepatic C Virus) infection, the HCV-associated insulin resistance has been demonstrated as a consequence to
proteasomal degradation of IRS1 and IRS2 through ubiquitination involvling upregulation of SOC3 [26]. SOCS5mediated recruitment of ubiquitin complexes and EGFR
(epidermal growth factor receptor) has also been recently
demonstrated [27]. The existence of several isoforms of
SOCS also indicates the possibility of a number of insulin
signaling molecules becoming their binding partners for proteasome degradation. Another E3 ubiqutin ligase, (the Casitas
b-lineage lymphoma, c-Cbl) has an important role in regulating the degradation of cell surface receptors [28]. It has
been shown that c-Cbl-deficient mice have reduced adiposity, higher energy expenditure, and improved peripheral insulin action [29]. Since c-Cbl is an adapter protein with an
intrinsic E3 ubiquitin ligase activity and a negative regulator of signaling, its role in insulin-regulated pathways need
further investigations. Retinoic acid has been shown to mediate degradation of IRS-1 by the ubiquitin proteasome pathway, via a PKC-dependent mechanism [30]. A recent study
also links ubiquitin proteasome pathway with β-cell mass
decrease in Type 2 diabetes [31]. In this study, chronic activation of mTOR (mammalian target of rapamycin) by glucose
(and/or IGF-1) in β-cells lead to increased Ser/Thr phosphorylation of IRS-2 that targets it for proteasomal degradation,
resulting in decreased IRS-2 expression and increased β-cell
apoptosis.
Direct interaction of the glucose transporters GLUT1 and
GLUT4 with members of the ubiquitin family has also been
reported to play a role in the control of glucose uptake [32].
In an insulin-infusion study in human skeletal muscle, Rome
et al. [33] showed that insulin increased the expression level
of 17 mRNAs of the ubiquitin-conjugating enzymes and 11
mRNAs of the proteasome components. Recently, upregulation of ubiquitin specific protease 2 has been demonstrated
in streptozotocin-induced diabetic mice [34]. The involvement of the ubiquitin–proteasome system in the regulation
of transcription is also well known [35]. Mimnaugh et al.
[36] demonstrated insulin-induced increases in the mRNA
of USP16, which participates in the deubiquitination of histones H2A and H2B. The ubiquitin–proteasome pathway
has also been implicated in the control of the levels of specific transcription factors such as nucelar factor kB1, retinoid
X receptor α, peroxisome proliferator-activated receptors α
and γ , thyroid hormone receptor, sterol regulatory elementbinding proteins and Forkhead transcription (FOXO1) factors
[35, 37–41]. Interestingly, most of these transcription factors
have been directly implicated in or related to insulin action
[42, 43].

Role in Type 1 diabetes
Although Type 1 and Type 2 diabetes are considered to be two
distinct diseases in terms of aetiology, genetics and pathogenesis, inflammatory mediators are important in the pathogenesis of both diseases. In particular, beta cell loss in Type 1
and Type 2 diabetes may be a consequence of apoptosis
and necrosis induced by inflammatory mediators [44, 45].
SOCS3 has been shown to protect beta cells against IL-1β
and IFNγ -mediated toxicity [46]. Quite interestingly in a recent study [47], a SOCS3 mutation in the promoter region
appeared as a protective mechanism against the development
of diabetes. This study has speculated decreased SOCS3 expression leading to less degradation of IRS1 and IRS2 in
insulin-sensitive tissues. Although mutation screening of the
human SOCS3 gene identified no variations associated with
Type 1 diabetes, SOCS may have indirect influences and cellular consequences.
The newly identified SUMO (small ubiquitin-related modifier) genes tag proteins to modulate subcellular localization
and/or enhance protein stability and activity and they do so by
counteracting ubiquitin and stabilise proteins against degradation by the 26S proteasome [48]. In support of this, a M55V
polymorphism in SUMO-4 has been shown differentially activating heat shock transcription factors and conferring susceptibility to Type 1 diabetes [49]. SUMO modifications were
also reported to influence NFkB activation and apoptosis in
pancreatic β-cells [50, 51]. While ubiquitin-like protein 1
(Ubl1) has been shown to modify IkBα [52], making it resistant to degradation, an increase in Ubl1 seeen in NOD mice
[53] could decrease the expression of genes controlled by NFkB, including genes involved in immune and inflammatory
responses in Type 1 diabetes.

Endoplasmic reticulum (ER) stress
and ubiquitination
While ER stress is caused by the accumulation of misfolded
proteins in the ER [54], recent observations suggest that
chronic ER stress in β-cells plays a role in the pathogenesis of diabetes [55]. ER stress has also been shown to cause
β-cell death in the Akita mouse model for diabetes [56, 57].
The Akita mouse is a C57BL/6 mouse that is heterozygous
for a mutation in the insulin-2 gene (cysteine 96 to tyrosine), which results in misfolding of the insulin precursor
in the ER of β-cells. ER stress elicits stress signaling pathways termed the unfolded protein response (UPR). One component of the UPR, the ER-associated protein degradation
(ERAD system) has an important function in the survival
of ER stressed cells [58]. It has recently been shown that
misfolded insulin produced in Akita mouse is selectively
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ubiquitinated and degraded by a HRD1-mediated ERAD
pathway [59]. Interestingly, HRD1 that is upregulated in the
islets of Akita mice encodes an E3 ubiquitin ligase required
for the ERAD system [60]. Thus, HRD1 regulation appears
to be central to the protection of β-cells from ER stressmediated death. Oxygen-regulated protein 150 (ORP150), a
molecular chaperone found in the ER, has also been shown to
protect cells from ER stress [61]. ER stress playing a crucial
role in the insulin resistance was also recently demonstrated
in a study [62] when sense ORP overexpression in the liver of
obese diabetic mice significantly improved insulin resistance
and markedly ameliorated glucose tolerance. These studies
warrant more research related to ER stress and ubiquitination
regulatory aspects, which may unravel potential new therapeutic targets for diabetes.

Role in diabetic complications
Alterations in protein turnover during diabetes have been previously correlated with increased activity of the ubiquitindependent proteolytic system in skeletal [63, 64] and cardiac
[65] muscle. The severity of electroneurographic changes
in patients with Type 2 diabetes has been correlated with
increased ubiquitin levels [66]. It was hence implied that
ubiquitin–proteasome pathway might have a role in the development of diabetic complications. For example, polyubiquitination of IGF-1 receptor and downreguation of heat shock
proteins have been shown to be fundamental mechanisms underlying the development of diabetic cardiomyopathy [67].
Although the regulation of GLUT1 levels in retinal endothelial cells subjected to chronic hyperglycemia remains a matter
of controversy [68–70], hyperglycemia is reported to impose
a significant decrease on the amount of GLUT1 protein without significant changes on the levels of its mRNA. This implies that the decreased levels of GLUT1 may result from
an increase on the degradation rate of the protein. Indeed,
Fernandes et al. [71] have recently demonstrated the downregulation of retinal GLUT1 in diabetes by a mechanism of
ubiquitinylation and hence, ubiquitinylation could be one of
the alterations in endothelial cells that transduce pathophysiological changes in diabetic retinopathy. Moreover, many renal
abnormalities (loss of muscle mass in chronic renal failure,
von Hippel-Lindau disease, Liddle syndrome and ischemic
acute renal failure) were reported to be associated with defective protein degradation involving the ubiquitin–proteasome
pathway [6].

Future perspectives
Ubiquitin-mediated proteolysis controls a variety of cellular processes: regulation of cell cycle and division,

differentiation and development, response to stress and extracellular effectors, morphogenesis of neuronal networks,
modulation of cell-surface receptors, ion channels and the
secretory pathway, DNA repair, transcriptional regulation,
long-term memory and biogenesis of organelles [11]. Recent
mining of the human and mouse genomes, use of yeast genetics, and detailed analyses of several biochemical pathways,
have resulted in the identification of many new roles for ubiquitin conjugation. Mono- and polyubiquitination have now
been shown to be involved in the regulation of a wide variety of important cellular processes [72]. Furthermore, several
ubiquitin-like moficications (e.g., Sumoylation, Neddylation,
and ISGylation) have been recently identified [73–75]. Because the ubiquitination processes affect the regulation of
insulin signaling cascade and insulin action, it appears that
there may be several hidden drug targets for diabetes and its
complications in the ubiquitin–proteasome system. Considering the large number of transcription factors and Ub ligases
present in the cell, it is possible that Ub or Ub-like mediated
regulation of transcriptor factor localization will participate
in the pathogenesis of diabetes and its complications. As suggested by Ciechanover [11], development of drugs that modulate the activity of the ubiquitin system may be difficult,
considering its central role in a broad array of basic cellular
processes. However, recent experimental evidence strongly
suggests that proteasome inhibitors may indeed be beneficial in certain pathologies, such as in cancer, asthma, brain
infarct and autoimmune encephalomyelitis. There may be a
future in bioprospecting of natural products. Curcumin, an
active component of Indian spice (Turmeric) has been shown
to impair ubiquitin–proteasome system [76]. A different approach to drug development can be the development of small
molecules that bind and inhibit specific E3s. Alternately, there
is much scope in the development of small molecules that are
substrate-specific and bind, preferably to specific substrates
or to their ancillary proteins, rather than E3 proteins. A new
UbE1 inhibitor, himeic acid A was recently isolated from a
culture of marine-derived fungus, Aspergillus sp [77]. Smallmolecule drugs that inhibit SOCS action or the components of
ubiquitin–proteasome system could also become important
for the treatment of diabetes and its associated complications.
Finally, much more research is needed to understand the factors controlling the signaling by ubiquitin and ubiquitin-like
modifications, as this could lead to better understanding of
the clinical implications of defects in this abundant, complex,
and highly regulated protein modification machinery in the
biological system.
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